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Abstract 
Current work focuses on the development and performance evaluation of advanced 
flamelet models for turbulent non-premixed and partially premixed combustion in 
RANS and large eddy simulation (LES) based modelling. A RANS based combustion 
modelling strategy which has the ability to capture the detailed structure of turbulent 
non-premixed flames, including the pollutant NO, and account for the effects of 
radiation heat loss and transient evolution of NO, has been developed and 
incorporated into the in-house RANS code. The strategy employs an 'enthalpy-defect' 
based non-adiabatic flamelet model in conjunction with steady or unsteady non- 
adiabatic flamelets based NO submodels. 
The performance of the non-adiabatic model and its NO submodels has been assessed 
against experimental measurements and steady flamelet model predictions for 
turbulent CH4/H2 bluff-body stabilized and CH4-air piloted jet flames. Appreciable 
improvements in the mean thermal structure predictions have been observed in the 
piloted jet flames by consideration of radiation heat loss through the non-adiabatic 
flamelet model. Since transient effects were weaker in the piloted jet flame, both 
unsteady and steady non-adiabatic NO submodels provided similar level of 
improvement in the pollutant NO predictions in comparison to their adiabatic 
counterparts. Transient effects were, however, dominant in the bluff-body flame. The 
unsteady non-adiabatic NO submodel provided excellent agreement with measured 
NO distribution in comparison to the appreciably overpredicted distribution by its 
steady counterpart. The strategy of non-adiabatic flamelet model in conjunction with 
unsteady non-adiabatic NO submodel seems to provide an accurate and robust 
alternative to the conventional strategy of steady flamelet model with steady NO 
submodel. 
While addressing the limitations of steady flamelet model in regard to radiation and 
slow chemistry of NO is one objective of this research, extending the applicability of 
the model to partially premixed combustion has been pursued as the second objective. 
Abstract 
Flamelet/progress variable (FPV) approach based combustion models, which have the 
potential to describe both non-premixed and partially premixed combustion, have 
been incorporated in the in-house RANS and LES codes. Based on the form of the 
PDF for reaction progress variable, two different formulations, FPV-8 function model 
and FPV-P function model, have been derived. The performance of these models in 
predicting the thermal structure of a partially premixed lifted turbulent jet flame in 
vitiated co-flow has been evaluated with both RANS and LES. Both the FPV models 
have been found to successfully predict the flame lift-off even with RANS, while 
employing SUM resulted in a false attached flame. The mean lift-off height is 
however underpredicted by FPV-8 function model by -50% while the FPV-P function 
model which accounts for the fluctuations in the reaction progress variable 
overpredicted the height by 27%. The form of the PDF for reaction progress variable 
thus seems to have a strong influence on predictions of gross characteristics of the 
flame. 
Adopting LES based modelling has been found to greatly improve the performance of 
the FPV models. While the deviation in mean lift-off height with FPV-5 function has 
been reduced to 30%, the mean lift-off height with FPV-P function model was 
predicted remarkably close to the measured value (predicted normalized lift off 
height=35.4 while measured height=35.0). LES has been found to also help in 
realizing the ability of the FPV models to predict to a fair degree, the local extinction 
and re-ignition phenomena associated with the fluctuation of the lifted flame base. 
The P function model in particular has been found to predict the lifted flame base 
characteristics remarkably well. However, the extinction and re-ignition observed 
with the models has been found to be limited to the conditions on the fuel rich side of 
stoichiometric mixture fraction and hence the measured level of fluctuation in the 
flame base is not yet captured. Nevertheless, the FPV models provide major 
advantage over SUM in that the models are able to capture the gross characteristics 
of partially premixed flames. The FPV-P function model in conjunction with LES 
presents an excellent prospect for further research. 
Acknowledgements 
I wish to express my heartfelt thanks to my research supervisor, Professor W. 
Malalasekera, 'for providing me the opportunity to pursue Ph. D degree. Throughout 
the course of this research work, he has been immensely supportive and has made 
every effort to carefully consider my ideas and interests and keep me on track. The 
freedom and encouragement he rendered to explore varied areas of research in 
computational combustion helped me gain the necessary skills and self belief to take 
up large eddy simulation work in the final phase of this research. 
I am grateful to a number of people who have helped me in meeting the challenges I 
encountered during the course of this research. Dr. Tariq Mahmud from University of 
Leeds, helped a great deal with Reynolds stress transport modelling. Dr. Matthias 
Ihme, Stanford University, provided valuable insight into the Flamelet/Progress 
variable approach. Dr. Stefano Piffaretti, ETH Zurich, has been instrumental in the 
success behind the implementation of look-up-table concept. Dr. Alexander 
Telangator, University of California SanDiego, and Dr. Perrine Pepiot, Stanford 
University, helped me with chemical mechanisms. Professor Heinz Pitsch, Stanford 
University, provided access and support to the FlameMaster code for flamelet 
calculations. My large eddy simulation work has greatly benefited from the support of 
Dr. Michael Kirkpatrick, University of Tasmania. 
I am also quite thankful to my colleagues in the CFD research lab who have been ever 
helpful. Dr. Ranga Dinesh provided excellent support on large eddy simulation. The 
collaborative work I carried out with Dr. Mamdud Hossain and Mr. Anand Odedra on 
flamelet modelling proved vital to the progress of this research. 
My sincere thanks to Professor Colin Garner, Thenno-Fluids lab, for all the help and 
encouragement he rendered during the course of this research work. 
Finally, this work was funded with a research studentship from Loughborough 
University and is gratefully acknowledged. 
Contents 
Chapter 1: Introduction .................................................................................. I 
1.1 Motivation ....................................................................................................... .I 
1.2 Objectives 
........................................................................................................ . 6- 
1.3 Thesis outline .................................................................................................. . 7- 
Chapter 2: Literature Survey ........................................................................ 9- 
2.1 Flamelet models for turbulent non-premixed combustion .............................. . 9- 
2.1.1 SUM based modelling in RANS .......................................................... . 10- 
2.1.2 Transient flamelet modelling in RANS .................................................. . 12- 
2.1.3 Non-adiabatic flamelet modelling in RANS .......................................... . 14- 
2.1.4 SUM based modelling in LES .............................................................. . 17- 
2.2 Flamelet models for turbulent partially-premixed combustion ..................... . 19- 
2.3 Flamelet/progrcss variable (FPV) approach .................................................. . 24- 
Chapter 3: Governing Equations for Turbulent 
Combusting Flows .......................................................................................... . 26- 
3.1 Instantaneous governing equations ............................................................... . 26- 
3.1.1 Conservation of mass ............................................................................. . 26- 
3.1.2 Conservation of momentum ................................................................... . 27- 
3.1.3 Conservation of species .......................................................................... . 27- 
3.1.4 Conservation of energy .......................................................................... . 29- 
3.2 Overview of turbulence simulation methods ................................................ . 30- 
3.2.1 Direct Numerical Simulation ................................................................. . 30- 
3.2.2 Large Eddy Simulation 
.......................................................................... . 31- 
3.2.3 Reynolds Averaged Navier Stokes (RANS) modelling ......................... . 32- 
Chapter 4: Turbulence Modelling ............................................................. 34- 
4.1 Reynolds-averaged Navier-Stokes fonnulation 
............................................ . 34- 
4.1.1 Reynolds and Favre averaging ............................................................... . 34- 
4.1.2 Favre averaged governing equations ...................................................... . 35- 
Contents 
4.1.3 Standard k-e model ................................................................................. . 38- 
4.1.4 Reynolds stress transport model ............................................................. . 40- 
4.2 Large Eddy Simulation formulation .............................................................. . 
45- 
4.2.1 Spatial filtering ....................................................................................... . 
45- 
4.2.2 Modelling of subgrid scale stresses ........................................................ . 47- 
4.2.3 Modelling of subgrid scalar fluxes ......................................................... . 50- 
Chapter 5: Combustion Models .................................................................. 51- 
5.1 Conserved scalar mixture fraction approach ................................................. . 52- 
5.1.1 Models for system chemistry ................................................................. . 53- 
5.2 Steady laminar flamelet model ...................................................................... . 54- 
5.2.1 Flamelet equations .................................................................................. . 55- 
5.2.2 Statistics of mixture fraction and scalar dissipation rate ........................ . 57- 
5.2.3 Flamelet quenching ................................................................................ . 59- 
5.2.4 Application of SLFM to LES ................................................................. . 
60- 
5.2.5 Limitations of steady laminar flamelet model ........................................ . 61- 
5.3 Non adiabatic flamelet model ....................................................................... . 62- 
5.4 Flamelet based NO sub models ..................................................................... . 
65- 
5.4.1 Steady adiabatic NO submodel .............................................................. . 66- 
5.4.2 Steady non-adiabatic NO submodel ....................................................... . 
67- 
5.4.3 Unsteady adiabatic NO submodel .......................................................... . 68- 
5.4.4 Unsteady non-Adiabatic NO submodel .................................................. . 70- 
5.5 Flamelet/Progress Variable Approach .......................................................... . 71- 
5.5.1 Motivation for FPV ................................................................................ . 71- 
5.5.2 FPV formulation ..................................................................................... . 74- 
Chapter 6: Numerical Approach ................................................................ 85- 
6.1 Finite-Volume Method .................................................................................. . 86- 
6.2 Spatial discretisation in LES ......................................................................... . 89- 
6.2.1 Unsteady term ........................................................................................ . 89- 
6.2.2 Convection term ..................................................................................... . 89- 
6.2.3 Diffusion term ........................................................................................ . 92- 
6.2.4 Source term ............................................................................................ . 93- 
6.2.5 Complete discretised equation ............................................................... . 94- 
V 
Contents 
6.3 Time advancement in LES ............................................................................ . 95- 
6.3.1 Time integration of scalar equations ...................................................... . 95- 
6.3.2 Time integration of momentum equations ............................................. . 96- 
6.4 Pressure correction in LES ............................................................................ . 98- 
6.5 Solution of LES equations ............................................................................. . 99- 
6.5.1 Overall solution procedure for reacting flows ........................................ . 99- 
6.5.2 Procedure for steady flamelet model .................................................... . 101- 
6.5.3 Procedure for FPV-6 function model ................................................... . 102- 
6.5.4 Procedure for FPV-0 function model ................................................... . 103- 
6.6 Boundary conditions in LES ....................................................................... . 106- 
6.6.1 Solid boundaries 
................................................................................... . 107- 
6.6.2 Inflow boundary condition ................................................................... . 107- 
6.6.3 Outflow boundary condition ................................................................ . 109- 
6.7 Steady RANS numerical framework ........................................................... . 110- 
6.7.1 Arrangement of Reynolds stresses on staggered grid .......................... . III - 
6.7.2 Spatial discretisation ............................................................................ . 112- 
6.7.3 Pressure correction ............................................................................... . 114- 
6.7.4 Solution of RANS equations ................................................................ . 116- 
6.7.5 RANS procedure for steady flamelet model ........................................ . 118- 
6.7.6 RANS procedure for non-adiabatic flamelet models ........................... . 120- 
6.7.7 RANS procedure for FPV-8 function model ........................................ . 122- 
6.7.8 RANS procedure for FPV-0 function model ....................................... . 123- 
6.7.9 Boundary Conditions ........................................................................... . 126- 
6.8 Unsteady RANS procedure ......................................................................... . 129- 
Chapter 7: Pre-processing for RANS & LES based Calculations 
of Turbulent Flames ............................................................................ 131- 
7.1 Generation of flamelets ............................................................................... . 132- 
7.1.1 Steady adiabatic flamelets .................................................................... . 133- 
7.1.2 Steady non-adiabatic flamelets ............................................................. . 138- 
7.2 Look-up-tables for SUM ........................................................................... . 143- 
7.3 Look-up-tables for NADM .......................................................................... . 150- 
7.4 Look-up-tables for FPV models .................................................................. . 152- 
7.4.1 Pre-PDF FPV 8 ..................................................................................... . 153- 
vi 
Contents 
7.4.2 Pre-PDF FPV P .................................................................................... . 158- 
Chapter 8: Modelling of Turbulent Non-premixed Bluff-body and 
Jet flames ........................................................................................................... 163- 
8.1 Experimental study of bluff-body stabilized flames ................................... . 164- 
8.1.1 Experimentally observed flame structure ............................................. . 165- 
8.2 RANS modelling of HMle & HM1 flames ................................................ . 167- 
8.2.1 Computational domain & boundary conditions ................................... . 169- 
8.2.2 Computational grid ............................................................................... . 171- 
8.2.3 Adiabatic flamelet Modelling: Results & Discussion .......................... . 174- 
8.2.4 Influence of chemical mechanism ........................................................ . 189- 
8.2.5 Non-adiabatic flamelet modelling: Results & Discussion ................... . 194- 
8.2.6 Influence of transient effects on NO .................................................... . 205- 
8.3 Experimental study of Sandia D jet flame .................................................. . 208- 
8.4 RANS modelling of Sandia D jet flame ...................................................... . 209- 
8.4.1 Computational set up ............................................................................ . 
211- 
8.4.2 Non-adiabatic flamelet modelling : Results & Discussion .................. . 212- 
Chapter 9: Modelling of Turbulent Partially-premixed Lifted Jet 
Flame ................................................................................................................... 218- 
9.1 Experimental study of Berkeley lifted jet flame in vitiated co-flow ........... . 219- 
9.2 Computational set up for RANS ................................................................. . 221- 
9.3 Computational set up for LES ..................................................................... . 222- 
9.4 Results and Discussion ................................................................................ . 225- 
9.4.1 Performance of SUM & FPV models in RANS ................................. . 225- 
9.4.2 Performance of SUM & FPV models in LES .................................... . 234- 
Chapter 10: Conclusions and Future Recommendations ............. 247- 
10.1 Conclusions ................................................................................................. 249- 
10.2 Recommendations for future work .............................................................. 253- 
10.3 Present contribution ..................................................................................... 254- 
Appendix I ......................................................................................................... 255- 
References 
List of Figures 
5.1: Surface of stoichiometric mixture in a turbulent jet diffusion flame ............... 55 
5.2: Locus of Stoichiometric temperature for all the solutions of the steady flamelet 
equations. Generated for the Berkeley lifted flame (section 9.1) conditions: Fuel CH4- 
Air (25%-75%) at 323 K and Oxidizer (vitiated co-flow) at 1355 K ................ ... 72 
5.3: Variation in parameterization of flamelets (a) along the entire solution space and 
(b) close to the equilibrium state with two different definitions of flamelet parameter. 
Generated for the Berkeley lifted flame (section 9.1) conditions ........................ 75 
5.4: Reaction progress variable distribution within a flamelet and the definition of 
flamelet parameter. Generated for the Berkeley lifted flame (Section 9.1) 
conditions ........................................................................................ 76 
6.1 Staggered grid and node placement in two dimensions. Circles indicate scalar 
nodes, horizontal arrows indicate nodes of the u velocity component and vertical 
arrows indicate the v velocity component. Examples of a u, v and scalar cell are 
highlighted ....................................................................................... 87 
6.2: A finite volume cell and its neighbours in three dimensions ........................ 89 
6.3: Staggered storage arrangement for the Reynolds shear stresses ................... III 
6.4: Schematic of a 2D grid for a bluff-body flow problem .............................. 117 
6.5: u velocity cell at wall boundary ........................................................ 128 
7.1: Steady flamelet solutions for fully burning and fully extinguished states. 
Generated for conditions corresponding to (a) HMI flame and (b) Sandia D flame. 
These solutions are used for SUM based turbulent flame calculations ............... 135 
7.2: NO source term profiles corresponding to fully burning and fully extinguished 
steady state solutions. Generated for the HMI flame conditions. These solutions are 
required in NO modelling with SLFM-NO-TRE .......................................... 137 
List of Figures 
7.3: Steady flamelet solutions for fully burning, partially extinguished and fully 
extinguished states. Generated for the Berkeley CH4-Air lifted jet. flame conditions. 
These solutions are used for FPV based turbulent flame calculations. (-) fully 
burning and fully extinguished states; ( ------- ) partially extinguished state ............ 138 
7.4: Imposing enthalpy defect on a steady adiabatic flamelet generated for HMI flame 
conditions ....................................................................................... 
140 
7.5: Variation of NO source term with enthalpy defect for HM1 flame conditions. The 
profiles correspond to a stoichiometric scalar dissipation rate of 2.0s-1 ............... 142 
7.6: Variation of extinction limit with enthalpy defect for HMI and SANDIA D flame 
conditions ......................................................................................... 142 
7.7: Steady adiabatic flamelet solution for equilibrium condition. Generated for HMI 
flame conditions. Dots show alternative grid points along Z space ..................... 145 
7.8: The distribution of points along and j axes of the look-up-table for SUM 
based calculations ............................................................................. 145 
7.9: Structure of 3D look-up-tables for integrated temperature (K) for SUM 
calculations. Generated for HMIflame (top) and Sandia D (bottom) flame 
conditions ....................................................................................... 149 
7.10: The 3D look-up-tables in X space generated for Berkeley flame conditions. 
Structures of mean progress variable (top) and temperature (bottom) colored by the 
mean flamelet parameter ..................................................................... 156 
7.11 Extracted scalar data as a function of ý for 0.6 and Z, ",, 2,, = 0.4 ............ 157 
7.12: 2D array of data extracted for each variable from their respective look-up-tables 
in x space fo ra given and Scalars represented by 
C N) ........................................................................ 162 0 bc 
ý=(; 5, T, fi, 
C, 
ýý(Oc 
ix 
Ust of Figures 
xnN2 7.13: Steps involved in obtaining a unique combination of values for ý and Orm 
corresponding to every combination of e and Cn", 2, r . .................................... 162 
8.1: Schematic of bluff-body bumer, and stabilized flame with measurement 
locations. (Bottom figure: www. aeromech. usyd. edu. au/therinofluids) .................. 166 
8.2: Computational domain for RANS modelling of HM Ie& HM I flames ......... 171 
8.3: Computational grid for RANS modelling of HM Ie& HM 1 flames. Grid consists 
of 162 axial nodes and III radial nodes ................................................... 172 
8.4: HM Ie radial profiles of mean and rms fluctuations of axial (U) and radial (V) 
velocities. Comparison for grid independence test ....................................... 173 
8.5: HMle flame (a) axial velocity (m/s) and (b) temperature (k) contours 
superimposed with streamlines. RANS predictions from SUM in conjunction with 
RST model for turbulence closure ........................................................... 175 
8.6: Radial profiles of mean axial velocity (a) and mean radial velocity (b) for at 
various axial locations in the HMle flame. Predictions obtained from RANS 
calculations with SUM ...................................................................... 177 
8.7: Radial profiles of rms fluctuations of axial (a) and radial (b) components of 
velocities at various axial locations in the FlMle flame. Predictions obtained from 
RANS calculations with SUM .............................................................. 178 
8.8: Radial profiles of mean mixture fraction at various axial lengths of HMI flame. 
Predictions obtained from RANS calculations with SUM .............................. 181 
8.9: Radial profiles of rms of mixture fraction fluctuations at various axial lengths of 
HMI flame. Predictions obtained from RANS calculations with 
SUM ............................................................................................ 182 
x 
Ust of Figures 
2 
7.13: Steps involved in obtaining a unique combination of values for X and ?,, ", Orm 
corresponding to every combination of (ý and C,, '. 2 ...................................... 
162 
8.1: Schematic of bluff-body burner, and stabilized flame with measurement 
locations. (Bottom figure : www. aeromech. usyd. edu. au/thennofluids) .................. 166 
8.2: Computational domain for RANS modelling of HMI e& HM I flames ......... 171 
8.3: Computational grid for RANS modelling of HMle & HMI flames. Grid consists 
of 162 axial nodes and III radial nodes ................................................... 172 
8.4: HM Ie radial profiles of mean and rms fluctuations of axial (U) and radial (V) 
velocities. Comparison for grid independence test ....................................... 173 
8.5: HMle flame (a) axial velocity (m/s) and (b) temperature (k) contours 
superimposed with streamlines. RANS predictions from SUM in conjunction with 
RST model for turbulence closure ........................................................... 175 
8.6: Radial profiles of mean axial velocity (a) and mean radial velocity (b) for at 
various axial locations in the IlMle flame. Predictions obtained from RANS 
calculations with SUM ...................................................................... 177 
8.7: Radial profiles of rms fluctuations of axial (a) and radial (b) components of 
velocities at various axial locations in the HMle flame. Predictions obtained from 
RANS calculations with SUM .............................................................. 178 
8.8: Radial profiles of mean mixture fraction at various axial lengths of HMI flame. 
Predictions obtained from RANS calculations with SUM .............................. 181 
8.9: Radial profiles of rms of mixture fraction fluctuations at various axial lengths of 
HMI flame. Predictions obtained from RANS calculations with 
SUM ............................................................................................ 182 
x 
List of Figures 
8.10: Comparison of the in-house RANS code's RST model prediction capability with 
that of commercial code CFX 4.4 (Dally et al., 1998b) and full second moment 
closure (Li et al., 2003). All predictions pertain to HMIflame 
conditions ....................................................................................... 
182 
8.11: Radial profiles of mean temperature at various axial lengths of HM I flame. 
Predictions obtained from RANS calculations with SUM .............................. 185 
8.12: Radial profiles of mean C02 mass fraction at various axial lengths of HMI 
flame. Predictions obtained from RANS calculations with SUM ..................... 185 
8.13: Radial profiles of mean H20 mass fraction at various axial lengths of 
HMI flame. Predictions obtained from RANS calculations with SLFM ............... 186 
8.14: Radial profiles of mean CO mass fraction at various axial lengths of HMI 
flame. Predictions obtained from RANS calculations with SUM ..................... 
186 
8.15: Radial profiles of mean OH mass fraction at various axial lengths of 
HM I flame. Predictions obtained from RANS calculations with SUM ............... 
187 
8.16: Radial profiles of mean NO mass fraction at various axial lengths of HMI 
flame. Dots indicate measurements; SLFM-NO-TRE + RST model, ( ---- ) 
SLMF-NO-TRE + mod. k-e model; (- -) SUM Direct+ RST model ;(....... ) 
SUM Direct + mod. k-e model ............................................................. 188 
8.17: Radial profiles of mean temperature : comparison of different mechanisms for 
hydrocarbon chemistry. Predictions obtained from RANS calculations of SUM in 
conjunction with RST model ................................................................. 192 
8.18: Radial profiles of mean C02 (top) and CO (bottom) mass fractions. Sensitivity 
of predictions to mechanisms for hydrocarbon chemistry. Predictions obtained from 
RANS calculations of SUM in conjunction with RST model ......................... 193 
xi 
List of Figures 
8.19: Radial profiles of mean NO mass fraction: comparison of different mechanisms 
for nitrogen chemistry. Predictions obtained from RANS calculations with RST model 
and SLFM-NO-TRE ................................................................... 
194 
8.20: Radial profiles of mean mixture fraction along various axial stations in HMI 
flame. Predictions obtained from adiabatic and non-adiabatic RANS simulations using 
RST model for turbulence closure .......................................................... 196 
8.21: Radial profiles of rms of mixture fraction fluctuations along various axial 
stations in HMI flame. Predictions obtained from adiabatic and non-adiabatic RANS 
simulations using RST model for turbulence closure .................................... 196 
8.22: Radial profiles of mean temperature (K) along various axial stations in HM1 
flame. Predictions obtained from adiabatic and non-adiabatic RANS simulations using 
RST model for turbulence closure ........................................................... 197 
8.23: Contours of mean enthalpy defect (kJ/kg) in HMI flame. Predictions obtained 
from simulation with NADM model using RST model for turbulence 
closure .......................................................................................... 197 
8.24: Radial profiles of mean C02 mass fraction along various axial stations in HMI 
flame. Predictions obtained from adiabatic and non-adiabatic simulations using RST 
model for turbulence closure ................................................................. 199 
Figure 8.25: Flamelet C02 structure at various enthalpy defects. Generated for HMI 
flame conditions using GRI 2.11 mechanism ............................................. 199 
8.26: Radial profiles of mean CO mass fraction along various axial stations in HMI 
flame. Predictions obtained from adiabatic and non-adiabatic simulations using RST 
model for turbulence closure ................................................................. 200 
8.27: Radial profiles of mean NO mass fraction along various axial stations in HMI 
flame. Predictions obtained from adiabatic and non-adiabatic simulations using RST 
model for turbulence closure ................................................................. 
200 
xii 
List of Figures 
8.28: Predicted 'High Enthalpy Defect' zone and its sub-zone within HM I flame from 
RANS simulation carried out with NADM model in conjunction with RST model for 
turbulence closure ............................................................................. 203 
8.29: The 0 PDF shapes extracted from the entire HED zone (a) and within each HED 
sub-zone (b)-(f) in HMI flame. RANS Simulation carried out with NADM model in 
conjunction with RST model for turbulence closure ..................................... 204 
8.30: Time evolution of domain averaged conditional scalar dissipation rate (a) and 
the corresponding evolution of flamelet NO distribution (b) ........................... 206 
8.31: Steady vs. Unsteady NO submodels in RANS calculations of HMIflame with 
RST model for turbulence closure .......................................................... 207 
8.32: Experimentally observed image of Flame D (left) and close-up of the pilot flame 
(right). (Courtesy: Barlow and Frank (2007)) ............................................. 209 
8.33: Computational domain (top) and grid (bottom) used for RANS based modelling 
of Sandia D flame. Grid consists of 141 axial nodes by 104 radial nodes ............. 212 
8.34: Mean temperature (K) (top) and enthalpy defect (kJ/kg) (bottom) contours of 
Sandia D flame predicted by RANS simulation with NADM model .................. 213 
8.35: Radial profiles of mean and variance of mixture fraction at various axial 
locations in the Sandia D flame. Predictions from adiabatic and non-adiabatic RANS 
simulations with RST model for turbulent closure ....................................... 214 
8.36: Radial profiles of mean temperature (K) at various axial locations in the Sandia 
D flame. Predictions from adiabatic and non-adiabatic RANS simulations with RST 
model for turbulent closure .................................................................. 215 
8.37: Radial profiles of mean C02 mass fraction at various axial locations in the 
Sandia D flame. Predictions from adiabatic and non-adiabatic RANS simulations with 
RST model for turbulent closure ............................................................ 216 
xiii 
List of Figures 
8.38: Radial profiles of mean NO mass fraction at various axial locations in the 
Sandia D flame. Predictions from adiabatic and non-adiabatic RANS simulations with 
RST model for turbulent closure ............................................................ 216 
9.1: (a) Burner schematic and (b) measured image of a turbulent CH4/air lifted jet 
flame in vitiated coflow. (Cabra et al. 2005) .............................................. 220 
9.2: Computational domain and grid for RANS based simulations of Berkeley CH4/air 
lifted flame. The grid consists of 198xl 10 nodes ......................................... 221 
9.3: (a) Computational domain and (b) grid used for LES based modelling of Berkeley 
CH4/air lifted jet flame ........................................................................ 224 
9.4: Predictions of mean mixture fraction contours from RANS simulations of 
Berkeley CH4/air lifted jet flame at baseline conditions ................................. 227 
9.5: Predictions of mean temperature contours from RANS simulations of Berkeley 
C114/air lifted jet flame at baseline conditions ..... ....................................... 227 
9.6: Predicted distribution of mean chemical source term from RANS simulations of 
Berkeley CH4/air lifted jet flame at baseline conditions ................................. 229 
9.7: Radial profiles of mean and rins fluctuations of mixture fraction at various axial 
locations in Berkeley CH4/air lifted jet flame. Predictions correspond to RANS 
calculations at baseline conditions ......................................................... 232 
9.8: Radial profiles of mean temperature (K) at various axial locations in the Berkeley 
CH4/air lifted jet flame. Predictions correspond to RANS calculations at baseline 
conditions ....................................................................................... 233 
9.9: LES predictions of mean temperature (K) contours for Berkeley CH4/air lifted jet 
flame at baseline conditions. Contours plotted along the mid-plane (X=O) of the LES 
computational domain ......................................................................... 
235 
xiv 
List of Figures 
9.10: Variation in the instantaneous filtered temperature (K) distribution with respect 
to time. LES FPV-P function model predictions of Berkeley CH4/air lifted flame at 
baseline conditions. All contours plotted along the mid-plane (X=O) of the LES 
computational domain ......................................................................... 238 
9.11: Predicted and measured distributions (scattered data) of instantaneous 
temperature (K) at four axial stations in the Berkeley CH4/air lifted jet flame at 
baseline conditions ............................................................................ 241 
9.12: Radial profiles of mean temperature at various axial locations in Berkeley 
CH4/air lifted jet flame at baseline conditions ............................................. 244 
1.1: Scenario of 4 Ih order interpolation in 3D space ...................................... 255 
xv 
List of Tables 
1: Standard k-e model constants ......................................................... 39 
5.1: RANS based NO sub-models for SUM and non-adiabatic flamelet 
modelling ......................................................................................... 66 
6.1: Co-efficients in the complete discretised equation with hybrid scheme .......... 114 
8.1: Investigated Bluff-body flames and their conditions ................................ 165 
8.2: List of RANS Simulations carried for bluff-body stabilized flames using a grid of 
162x III (axial x radial) nodes ............................................................... 170 
Nomenclature 
Roman Letters 
C Progress variable 
CP Specific heat at constant pressure 
h Mixture enthalpy 
k Turbulent kinetic energy 
I Turbulent length scale 
P Pressure 
P() Probability density function 
Pe Peclet number 
Ro Universal gas constant 
Re Reynolds number 
Uk Cartesian velocity components 
Wi Molecular weight of species 
Xk Cartesian direction components 
Yi Mass fraction of species 
Ze Mass fraction of element 
C, Smagorinsky co-efficient 
Pr Prandtl number 
SC Schmidt number 
T Temperature 
t Time 
z Mixture fraction 
ZSI Stoichiometric mixture fraction 
NO Nitric Oxide 
Cou Courant number 
Greek Letters 
F Diffusive transport coefficient 
IF Gamma function 
8 Delta function 
7 Time scale ratio 
Nomenclature 
T Stress tensor 
0 Beta function 
x Flamelet parameter 
8ij Kronecker delta 
6 Rate of dissipation of turbulent kinetic energy 
IC Von karman constant 
9 Dynamic viscosity 
JIT Dynamic eddy viscosity 
P Density 
Enthalpy defect 
v Kinematic viscosity 
0 Scalar variable 
XC Reactive scalar ( progress variable) dissipation rate 
X Scalar (mixture fraction) dissipation rate 
2i Grid filter width 
Diacritical marks 
0 Reynolds averaged mean of 0 
0 Favre filtered or Favre averaged value of 0 
ON Fluctuations about the Favre filtered or averaged value 
of 0 
Subscripts and superscripts 
f fu Fuel 
e Element 
in Inlet 
k Cartesian directions 
0, ox Oxidizer 
pr Product 
St Stoichiometric 
norm Normalized 
eq I Equilibrium 
xviii 
Nomenclature 
q Quenching limit 
sfe Steady flamelet equations 
Abbreviations 
CFD Computational Fluid Dynamics 
CMC Conditional Moment Closure 
RANS Reynolds Averaged Navier Stokes 
DNS Direct Numerical Simulation 
EPFM Eulerian Particle Flamelet model 
PDF Probability density function 
RIF Representative interactive flarnelets 
rms Root mean square 
SIMPLE Semi-implicit method for pressure linked equations 
SUM Steady laminar flamelet model 
TDMA Tri-diagonal matrix algorithm 
FPV Flamelet/progress variable 
LES Large eddy simulation 
SGS Subgrid scale 
FPDF Filtered probability density function 
HED High enthalpy defect zone 
NADM Non adiabatic flamelet model with multiple flamelets 
NADS Non adiabatic flamelet model with single flamelet 
RST Reynolds stress transport model 
NADM-NO-TRE Non-adiabatic NO submodel based on steady transport 
equation 
SLFM-NO-TRE Adiabatic NO submodel based on steady transport 
equation 
NADM-EPFM Non-adiabatic NO submodel based on unsteady 
flamelets 
SLFM-EPFM Adiabatic NO submodel based on unsteady 
flamelets 
DTRM Discrete Transfer Method 
xix 
Chapter 1 
Introduction 
1.1 Motivation 
With the environmental regulations on combustion generated pollutants becoming 
stringent, optimum design of combustors, mainly those pertaining to automobile, 
aircraft, marine and industrial engines, is now of greater necessity than ever before. 
Modem day advanced combustors involve rapid mixing and short combustion times 
with complicated flow patterns to ensure proper flame stabilization. Design 
optimisation of the combustors thus demands a significant amount of testing, and 
industry is increasingly adopting numerical modelling to assist experimentation in this 
regard. Numerical modelling facilitates studying a wide range of coupled, interacting 
physical and chemical phenomena within the turbulent combusting flows, more 
closely and with greater flexibility compared to experiments. However, it is important 
that the predictive capability of numerical modelling is of sufficient engineering 
accuracy for the predictions to provide the right guidance to designers and 
consequently help in reducing the extent of experimentation and thereby the design 
cycle time and cost. 
Amongst the available numerical modelling techniques, Direct Numerical Simulation 
(DNS) provides the highest accuracy as all the time scales and length scales involved 
in a turbulent combusting flow are completely resolved. However, the process of 
calculating a time dependent solution of the exact Navier Stokes equations and the 
equations pertaining to the transport of chemical species requires high end 
computational resources. Despite the significant advancements in computer 
technology, application of DNS has only reached as far as flows with Reynolds 
numbers of the order of 3000 in very simple geometries. Reynolds numbers for flows 
in practical combustors are several orders of magnitude higher and hence application 
of DNS to practical combustor flows cannot be envisaged in the foreseeable future. 
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Two alternative methods which avoid resolving the small scales by resorting to some 
form of averaging of the governing equations are the Reynolds Averaged Navier 
Stokes (RANS) and Large Eddy Simulation (LES) technique. RANS technique, in 
stark contrast to DNS, involves modelling all the scales and solves only for mean 
quantities in the flow. The result is a significant reduction in computational time 
which makes RANS best suitable for practical applications. Currently, RANS based 
simulation of complex combusting flows in large and intricate combustor geometries 
with nearly exact representation of the actual geometry has become an established 
practice in the gas turbine industry (Mongia, 2002). However, in RANS, significant 
amount of modelling of the governing equations is necessitated due to averaging of 
the equations. Consequently, it is critical for the adopted mathematical models, viz. 
for turbulence and combustion, to be of sufficient accuracy for RANS to provide 
reliable predictions. While the k-e based models and the Reynolds Stress model have 
been more or less accepted as the preferred models for turbulence closure, there is an 
ever growing demand to increase the level of sophistication of the combustion 
models. 
Over the past two decades, significant amount of research in numerical combustion 
has focussed on the development of RANS based combustion models which account 
for non-premixed and premixed combustion. The models which are developed on 
infinitely fast chemistry assumption are the simplest of all and are associated with 
quick turn around times. The most popular of these models include the Conserved 
Scalar Equilibrium Model which is valid for non-premixed combustion and the Bray 
Moss Libby Model (Bray and Moss, 1977; Libby and Bray, 198 1) valid for premixed 
combustion. The models based on infinitely fast chemistry have significant limitations 
in regard to predictions of emissions. 
Models which have been developed to account for finite-rate chemistry include, the 
PDF Transport Equation Model of Pope (1985) and Linear Eddy Model (LEM) of 
Kerstein (1992), Laminar Flamelet Model based on mixture fraction (Peters, 1984), 
Laminar Flamelet Model based on G-equation (Peters, 1986) and the Conditional 
Moment Closure Method (CMC) independently derived by Klimenko (1990) and 
Bilger (1993). The PDF and LEM models are applicable to both non-premixed and 
premixed combustion and are currently the most advanced combustion modelling 
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methods. However, their use in practical applications is as yet scant as the 
computational expense associated with these models is significantly high especially 
when elaborate chemical reaction mechanisms need to be considered in the analysis. 
The CMC Method and the Laminar Flamelet Model based on mixture fraction are 
formulated for non-premixed combustion while the Laminar Flarnelet Model based on 
G-equation is formulated for premixed combustion. The CMC method is closely 
related to the flamelet model for nonpremixed combustion. However, the 
computational time needed for chemistry calculations with CMC is much higher than 
the flamelet model for nonpremixed combustion. 
Most of the numerical modelling work using detailed chemistry in turbulent 
combustion is currently being done using flamelet models. The flamelet concept 
allows for numerical separation of turbulence and chemistry calculations leading to 
economic computational times whilst offering sufficient engineering accuracy in 
predicting low to moderate finite rate chemistry effects. The Laminar Flamelet Model, 
particularly for non-premixed combustion, is being extensively used in the gas turbine 
combustor industry (Held and Mongia, 1998a, 1998b; Held et al., 2001) where CFD 
driven design of combustors essentially working in non-premixed mode is progressing 
at a rapid pace. 
Consequently, there is also a growing demand to advance the predictive capability of 
the model especially in regard to capturing slow chemical phenomena such as NO,, 
formation, physical phenomena such as radiation and extreme finite rate effects like 
extinction and re-ignition which influence pollutant formation. Also, with the new 
generation low NO,, emission/low fuel consumption combustion systems using both 
the non-premixed and premixed modes of combustion, there is an interest in 
extending the applicability of the flamelet models, originally developed for non- 
premixed combustion, to partially premixed combustion. 
Research aimed at advanced flamelet based models is thus of practical interest, as the 
advanced models are expected to enhance the utility of RANS based modelling which, 
is currently the main predictive tool for carrying out design iterations in the industry. 
While there is little doubt that RANS based modelling will continue to thrive as a 
design tool for at least the next decade or so, LES of turbulent combustion has started 
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establishing itself as an accurate and sophisticated alternative to RANS. Although 
LES of turbulent combustion has emerged as a science only in the 1990's and hence it 
is relatively new field, it has already been applied to a variety of combustion problems 
of technical interest including aircraft engine combustion (Moin 2002, Di Mare et al, 
2004), blow-off in gas turbine combustors (Stone and Menon, 2003) and combustion 
generated instabilities (Pitsch, 2006). The relentless advancement in computer 
technology has been the main factor behind the rapid emergence of LES. However, 
much of the necessary theory for combustion LES has yet to be developed and the 
performance of the incorporated mathematical models stills needs to be corroborated 
for the large variety of combusting problems which exist in practice. 
LES is motivated by the limitations of RANS and DNS and lies in between each of 
the two approaches in terms of computational expense. Unlike RANS, where all the 
scales are modeled, LES resolves the large scale turbulent motions which contain the 
majority of turbulent kinetic energy and control the dynamics of turbulence while 
modelling is restricted only to the small scales or the subgrid scales. Additionally, the 
model co-efficients for the sub-grid scale models can be determined as part of the 
solution by employing dynamic modelling (Germano et al. 1991). Thus, LES is 
expected to provide a more accurate and reliable representation of turbulence as 
compared to RANS, especially in flows where large-scale unsteadiness is significant. 
Typical examples include, the reciprocating engine flows and combustion generated 
instabilities in gas turbine engines. 
The advantage with resolving the large scale motion is however not applicable to 
chemical source term as chemical reactions in turbulent flows occur essentially on the 
smallest scales. Thus, as with RANS, the chemical source term is entirely modelled. 
Despite this, LES still provides a substantial advantage because the scalar mixing 
process which is of paramount importance in chemical conversion can be predicted 
with a considerably improved accuracy as compared to RANS in complex flows 
(Pitsch, 2006). 
The fact that combustion needs to be entirely modelled in LES means that the 
combustion models originally developed for RANS could be extended to LES. The 
flamelet models stand as a popular choice for subgrid scale combustion modeling as 
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detailed chemistry can be incorporated with the least penalty in computational cost 
which is as such an order of magnitude higher with LES as compared to RANS. 
Extension of flamelet models to LES of non-premixed combustion and their 
performance evaluation has drawn significant research in the past (Cook and Riley, 
1998; Pitsch and Steiner, 2000; Pitsch, 2002; Mahesh et al., 2004; Raman and Pitsch, 
2005) and it is ever growing due to the increasing interest shown by industry to adopt 
LES as an advanced numerical tool. 
A recent breakthrough in flamelet based modelling of turbulent non-premixed 
combustion is the Flamelet/Progress Variable (FPV) approach of Pierce and Moin 
(2004). Using LES, this flamelet based approach has been shown to exceed the 
accuracy of the flamelet model of Peters (1984) for non-premixed combustion. An 
interesting advantage that has been claimed (Pierce and Moin, 2004) with this 
approach is its ability to simultaneously account for partially premixed combustion. 
Such versatility is indeed of great advantage in practical applications. Hence, research 
work that can further explore the strengths and weaknesses of this approach and 
contribute to its development is not only of academic interest but also of practical 
interest. The predictive capability of the FPV approach in LES of turbulent partially 
premixed combustion and the extent to which RANS based modelling could benefit 
from the approach are questions yet to be answered and hence attract research 
attention. 
Motivated by the current and future needs of the industry, in particular the gas turbine 
industry, present research work focuses on advancements in flamelet models for 
RANS and LES based modelling of turbulent gaseous non-premixed and partially 
premixed combustion. 
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1.2 Objectives 
The specific objectives of the current research are: 
1. Develop and evaluate the predictive capability of a RANS turbulent non- 
premixed combustion modelling strategy which is based on a steady non- 
adiabatic flamelet model integrated with steady or unsteady non-adiabatic 
flarnelets based pollutant NO submodels. 
2. Conduct the first ever investigation into the predictive capability of 
Flamelet/Progress Variable approach based combustion models in turbulent 
partially premixed combustion using RANS and LES based modelling 
approaches. 
It was proposed to conduct the current research by incorporation of the advanced 
flamclet models into the in-house FORTRAN based RANS and LES numerical codes. 
Thus, by achieving the aforementioned objectives, it is expected that this research 
would not only contribute to the knowledge in the predictive capability of the 
advanced models but would also enhance the sophistication of the in-house RANS 
and LES combustion modelling facility. 
In order to achieve the ultimate objectives of this research the following tasks have 
been laid out to be accomplished: 
1.1 Incorporation of a Reynolds stress transport model based turbulence 
closure in the in-house RANS code 
1.2 Incorporation of steady laminar flamelet model, non-adiabatic flamelet 
model and flamelet/progress variable approach based models in the in- 
house RANS code with the capability of conducting calculations through a 
computationally efficient look-up-table strategy. 
1.3 Development of pollutant NO post-processing tools based on steady and 
unsteady flarnelets based NO submodels. 
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1.4 Development of pre-processing tools for generating pre-integrated look- 
up-tables specific to a combustion model for RANS and LES combustion 
calculations. 
1.5 Incorporation of a steady laminar flamelet model and flamelet/progress 
variable approach based models in the in-house LES code with the 
capability of conducting calculations through look-up-table strategy. 
1.6 RANS based modelling of turbulent non-premixed bluff-body stabilized 
flames and piloted jet flames with steady flamelet model and non-adiabatic 
flamelet model in conjunction with pollutant NO submodels and RST 
model for turbulence closure. 
1.7 LES and RANS based modelling of turbulent partially premixed lifted jet 
flames using flamelet/progress variable approach based models as well as 
the steady larninar flamelet model. 
1.3 Thesis outline 
In this chapter the motivation behind this research and the specific objectives have 
been discussed. The remainder of the thesis has been organized as follows: 
Chapter 2: Literature in the area of flamelet based modelling of turbulent non- 
premixed and partially premixed combustion has been reviewed. Works carried out in 
the context of both RANS and LES has been presented. 
Chapter 3: The governing equations for turbulent combusting flows in their 
instantaneous form have been presented along with an overview of the different 
simulation methods, DNS, LES and RANS. 
Chapter 4: The RANS and LES approaches of modelling turbulence have been 
presented. With respect to the RANS approach, the k-c model and the Reynolds stress 
transport model based turbulence closures adopted in the presented study have been 
presented. The LES formulation has been discussed in detail through the description 
of filtering technique, models employed for the closure of subgrid stress and models 
employed for closure of subgrid scalar fluxes. 
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Chapter 5: Combustion models incorporated into the in-house RANS and LES 
codes have been presented. The formulations of the steady flamelct model, the non- 
adiabatic flamelet models and the different NO submodels used by the RANS 
calculations have been presented first. Subsequently, the extension of steady flamelet 
model to LES has been presented. Finally, the motivation for the development of 
flamelet/progress variable approach has been explained and its formulation in LES 
and RANS based modelling has been presented. 
Chapter 6: The numerical approach adopted by the in-house RANS and LES codes 
has been presented. A detailed description of the working procedures of the RANS 
and LES combustion calculations with the different combustion models and NO 
submodels has been presented. 
Chapter 7: The pre-processing calculations required to generate the inputs for the 
RANS and LES combustion calculations has been presented. The process of 
generating the different types of flamelets for the different flames modelled in the 
present study has been discussed first. Subsequently, processing of these flamelets to 
obtain pre-integrated look-up-table has been discussed. A detailed working procedure 
has been presented for the pre-processing tools developed for the steady flamelet 
model, non-adiabatic flamelet model and the FPV approach based models. 
Chapter 8: Results from the RANS based modelling of turbulent non-premixed 
bluff-body stabilized and piloted jet flames using the steady flamelet model and non- 
adiabatic flamelet model in conjunction with pollutant NO submodels have been 
presented and the relative performances of the models has been discussed. 
Chapter 9: Results pertaining to the RANS and LES based modelling of turbulent 
partially premixed lifted jet flames with steady flamelet model and the 
flamelet/progress variable approach based models have been presented and the 
relative strengths and limitations of the models has been discussed. 
Chapter 10: Conclusions from the modelling study, directions for future work and 
key contributions from the current research work have been presented. 
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Literature Survey 
In this chapter, research works which have contributed to the development of flamelet 
models for RANS and LES based modelling of turbulent non-premixed and partially 
premixed flames have been reviewed. Works employing flarnelet models for turbulent 
non-premixed flames have been discussed in section 2.1 followed by the works on 
flamelet models specifically developed for partially premixed flames in section 2.2. 
Since the flamelet/progress variable approach has been originally developed for 
turbulent non-premixed combustion but the current interest is to apply it to partially 
premixed combustion, works carried out on this approach have been dealt separately 
in section 2.3. 
2.1 Flamelet models for turbulent non-premixed 
combustion 
In the process of turbulent non-premixed combustion, fuel and oxidizer enter 
separately into the combustion chamber where they mix'and bum during continuous 
interdiffusion (Example, industrial furnaces, diesel engines, and traditional gas turbine 
combustors). Turbulent nonpremixed combustion is often referred to as turbulent 
diffusive combustion or combustion in diffusion flames since diffusion is the rate- 
controlling process. The laminar flamelet model of Peters (1984) also known by 
steady or stretched laminar flamelet model (SLFM) is based on the proposed view of 
Williams (1975) that a turbulent diffusion flame consists of an ensemble of 
'flamelets' which are stretched in a turbulent reacting flow. The theory of existence of 
laminar flamelets in turbulent flows has been validated analytically (Peters 1983; 
1984) as well as experimentally (Roberts and Moss, 1981; Drake, 1986). The 
'flamelets' represent thin one dimensional laminar diffusion flames and a parameter in 
the form of scalar dissipation rate quantifies the extent of stretch experienced by the 
Literature Survey 
flamelets. For a fixed level of stretching, all the thermo-chemical properties of a 
flamelet are expressed as a function of conserved scalar, the mixture fraction which 
quantifies the extent of mixing of the reactants. Hence, according to the flamelet 
model, the thermo-chemical structure of a turbulent non-prcmixcd flame is dependent 
only on mixture fraction and scalar dissipation rate which are statistically distributed 
in a turbulent flow. To predict non-equilibrium effects in turbulent non-premixed 
flames, introduction of these flamelets into turbulent flow is performed by considering 
their joint probability density function. The evaluation of joint PDF is simplified by 
assuming statistical independence and presuming the shape of the PDF for mixture 
fraction to follow aP function and that of scalar dissipation to follow log-normal 
distribution. By numerically separating the turbulent flow calculations from those of 
chemistry, the laminar flamelet model drastically simplifies the effort required in 
turbulent flow calculations and facilitates accounting of detailed chemical kinetics. 
2.1.1 SUM based modelling in RANS 
Liew et al. (1984) were the first to apply SUM for modelling turbulent methane-air 
jet diffusion flames. Employing experimentally obtained flamelet profiles, they 
showed that the model is successful in predicting the observed oxygen penetration 
through burning zone due to local quenching. However, both 02 and CO 
concentrations were overpredicted thereby leading to the conclusion that amendments 
are required in the model to account for the post flamelet process where probable 
partial mixing of reactants occurs. Haworth et al. (1988a) and Lentini (1994) applied 
SUM to CO/H2/N2 (Syngas) turbulent jet diffusion flame and found that model's 
prediction capability with respect to super equilibrium concentration of OH radical is 
superior to that of equilibrium model. However, both works showed that SUM 
predicts an overly rapid approach to chemical equilibrium. Haworth et al. (1988a) 
stated that this could possibly be tackled by considering the time variation of scalar 
dissipation rate. Lentini (1994) also applied SUM to methane-air jet flame test cases 
previously studied by Liew et al. (1984). His work showed that inclusion of a range of 
flamelets representing burning states (ranging from close to equilibrium to extinction 
condition) plus an additional flamelet representing extinguished state improves the 
accuracy of the reactive scalars particularly CO which was overpredicted by Liew et 
-10- 
Literature Survey 
al. (1984). Lentini and Puri (1995) further corroborated this strategy of flamelet 
library with SUM by studying a chloromethane-air turbulent jet diffusion flame. 
Application of SUM to relatively complicated reacting flame structures in the form 
of bluff-body stabilized flames has been carried out by Hossain (1999) who used the 
steady laminar flamelet model with a range of flamelets similar to that advocated by 
Lentini (1994). He studied the model's performance in CO/H2/N2 and CH4/H2 bluff- 
body stabilized flames of Correa and Gulati (1992), and Dally el al. (1998a) 
respectively. These flames operate at different blow-off limits thereby allowing for an 
investigation into the model's ability to capture extreme finite rate effects. The SUM 
was found to result in good agreement with data for flames operating far from blow- 
off. However, the model failed to predict experimentally observed localized extinction 
in flames which are 70% and 90% close to blow-off. This showed that in SUM, the 
approach of considering extinction on criterion of mean scalar dissipation rate 
exceeding the quenching limit is not adequate and use of transient flamelets have been 
suggested. The inadequacy of SUM to predict the experimentally observed local 
extinction and re-ignition has also been reported by Ferreira (1996,200 1) who studied 
methane-airjet diffusion flames of Masri et al. (1988). 
Additional insight into the predictive capability of SUM has been provided through 
works on flamelet based NO modelling. Vranos et al. (1992) were the first to use 
flamelet concept for prediction of NO in turbulent methane-hydrogen jet flame. They 
showed large discrepancies between the flamelet model results and the measured NO 
levels. Overprediction of differential diffusion effects of hydrogen and hydrocarbon 
species, transient effects and flame interactions were speculated as causes for the 
discrepancy. Similar findings were obtained from the works of Sanders et al. (1997) 
and Schlatter et al. (1996). The above speculated causes for NO overprediction and in 
addition the effect of radiative heat loss on NO formation were tested by Chen and 
Chang (1996) using SUM as well as joint scalar PDF approach. Their study showed 
that radiative heat loss plays an important role in the predicted NO levels especially at 
downstream portion of the jet flame where the residence time of the flamelet is high 
enough for effects of radiation to become significant. Work of Heyl et al. (2001) 
showed that NO mass fraction predictions have strong dependence on the form of the 
PDF for scalar dissipation rate. Hossain and Malalasekera (2003) conducted SUM 
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based NO modelling of bluff body stabilized CH4/H2 flame through a mean NO 
transport equation based approach. Contrary to the findings of earlier modelling 
works on NO, their results showed large underprediction. This was attributed to the 
simplified NO chemistry which accounted for only thermal NO and therefore the need 
for accounting for all possible NO production pathways was highlighted. 
With the insight provided by these and several other modelling works with SUM, 
developments to SUM have been made to account for transient effects on reactive 
scalar structure including NO, radiation heat loss and partial premixing. 
2.1.2 Transient flamelet modelling in RANS 
In SUM, the flamelets are generated from the steady form of flamelet equations of 
Peters (1984) and the flamelet library is typically parameterized in terms of values Of 
the scalar dissipation rate at the stoichiometric mixture fraction. Because of the 
omission of the time dependent term, the underlying assumption is that the imposed 
value of the scalar dissipation rate varies slowly enough. If the scalar dissipation 
varies rapidly, however, the unsteady term in the flamelet equations must be retained 
leading to a slow relaxation of the profiles. The importance of time dependent flame 
structures in laminar flamelet models for turbulent jet diffusion flames was first 
shown by Haworth et al. (1988b). They introduced an ad-hoc modification to the 
laminar flamelet model through an equivalent strain analysis and obtained improved 
agreement with data for CO/H2/N2 jet flame. 
Unsteady flamelets were first employed by Mauss et al. (1990) to simulate flamelet 
extinction and re-ignition in a steady turbulent jet diffusion flame. A Lagrangian time 
was introduced to account for history effects in the flamelet structure. Unsteady 
effects caused by localized extinction in steady jet diffusion flames was studied by 
Ferreira (1996,2001) who developed a transient laminar flamelet model (TLFM) 
which uses a transient flamelet library parameterized by mixture fraction, scalar 
dissipation rate, reaction progress variable and flamelet residence time similar to the 
Lagrangian time. TLFM was shown to reproduce to a reasonable extent the local 
extinction and re-ignition behaviour observed in the jet diffusion flames 
experimentally studied by Masri et al. (19 8 8). 
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The importance of transient effects in modelling steady jet diffusion flames has also 
been discussed by Pitsch et al. (1998) who developed an unsteady model called the 
Lagrangian flamelet model. They observed that the modelling of unsteady and 
radiation effects hardly influenced the temperature and major species distribution in 
the studied nitrogen diluted hydrogen flame. However, significant improvement was 
found for the mean NO distribution in the flame. An important observation from their 
work is that consideration of radiation through a radiation source term in steady 
flamelet equations leads to deterioration in predictions since the omission of time 
dependent term leads to inaccurate capturing of the effect of radiation heat loss which 
is a slow physical phenomenon. However, the same when considered with unsteady 
flamelet equations improves the predictions for NO. Hence, their work suggests that 
transient flamelet modelling is essential both from the perspective of slow chemistry 
of NO as well as consideration of effect of radiation heat loss on NO. Later, Pitsch 
(2000) extended the Lagrangian Flamelet Model to account for differential diffusion 
effects in steady turbulent CH4/H2/N2-air diffusion flame of Bergmann et al. (1998) 
and found reasonably good agreement with data. 
Unsteady flamelet models have also been applied to turbulent unsteady flows, like 
those in diesel engines. Pitsch et al. (1996) proposed a new concept called 
"Representative Interactive flamelet" (RIF) where unsteady ID flamelet calculations 
are interactively coupled with the CFD code. The flamelet parameters that govern the 
unsteady evolution of the flamelets are extracted from the solution of the CFD code 
by statistically averaging over a representative domain. This model was applied to an 
n-heptane fueled diesel engine and was found to be capable of describing auto- 
ignition, the following burnout of the partially premixed phase, and the transition to 
diffusive burning. A very good agreement with data for NO,, and slight under- 
prediction of soot has been reported. In the RIF model of Pitsch et al. (1996), only one 
interactive flamelet was considered representative of entire domain and the spatial 
variation of scalar dissipation rate was ignored. Barths et al. (I 998b) extended the RIF 
model to multiple flamelcts which account for the spatial dependence of scalar 
dissipation rate. Numerical tracer particles each representing a flamelet history is 
introduced into the turbulent flow field. An unsteady convection-diffusion equation is 
solved in CFD code for each tracer particle to find the probability of local occurrence 
of flamelet. The current flamelet solution is then weighted with these local 
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probabilities to obtain scalar concentrations. This approach has been named as 
Eulerian Particle flamelet model (EPFM). This model was applied to turbulent non- 
premixed DI diesel engine combustion by Barths et al. (1998b) and Barths et al. 
(2000). They found a significant improvement in the prediction of partially premixed 
burning phase and subsequent pollutant formation, NO,, and Soot. 
The EPFM has also been applied to steady turbulent non-premixed combustion in a 
gas turbine combustor by Barths et al (1998a). One of the main advantages of EPFM 
over Lagrangian model is it's applicability to both parabolic as well as elliptical 
flows. In the Lagrangian flamelet model the flamelet time is computed by integration 
of the inverse of the strearnwise velocity at the stoichiometric radial position along the 
strearnwise direction which limits its application to strictly parabolic flows. For 
thorough validation of EPFM, Coelho and Peters (2001a) simulated the piloted 
methane/air jet flame of Barlow and Frank (1998). Unsteady calculations were 
performed in the post processing stage using Eulerian transport equations for passive 
scalars to describe temporal evolution of the scalar dissipation rate. Predictions with 
EPFM were shown to have significantly better agreement for NO compared to those 
with SLFM. Coelho and Peters (2001b) applied EPFM to a combustor with high air 
preheating and strong internal exhaust gas recirculation. Good agreement to data for 
NO, emissions was achieved. In a recent work of Riesmeier et al. (2004), the EPFM 
was applied to kerosene fueled diffusion flame gas turbine combustor and 
encouraging predictions for exhaust emissions, NO., and soot were achieved. 
This review on works on transient flamelet modelling shows the importance of 
unsteady flamelets for accurate prediction of NO. Unsteady flamelet modelling is also 
a necessity if the effect of radiation heat loss on NO is to be considered through a 
radiation source term in the flamelet equations. 
2.1.3 Non-adiabatic flamelet modelling in RANS 
While, accounting for the effect of radiation heat loss on the thermo-chemical 
structure of the flame through a radiation source term in the flamelet equations is a 
simple method, Bray and Peters (1994) suggested that it is more appropriate to 
consider the effect of emission and absorption over a wide range of length scales 
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present in a turbulent flame. They introduced a parameter called 'enthalpy defect' 
(difference between the adiabatic and actual enthalpy) to provide the coupling 
between the non-adiabatic turbulent flow and the flarnelet structure. The flamelet 
library is then parameterized by mixture fraction, scalar dissipation rate and 
additionally the enthalpy defect. Based on this concept, Marracino and Lentini (1997) 
developed a non-adiabatic flamelet model to study the effects of radiation in turbulent 
methane/air jet flames. Considering an optically thin medium assumption for the gas 
phase radiation, they obtained marked improvement in mean temperature predictions. 
This non-adiabatic flame model was extended by Giordano and Lentini (2001) to 
account for turbulence-radiation interaction. Hossain et al. (2001) extended SUM to 
a non-adiabatic model using the enthalpy defect concept and the methodology of 
Marracino and Lentini (1997). The Discrete Transfer Method has been used for 
radiation source term calculations. They validated the model for turbulent CH4/H2 
bluff-body flames and found marked improvements in OH radical concentrations. 
However, no notable improvement in temperature or major species was reported. 
Enthalpy defect based non-adiabatic flamelet modelling has also been reported by Ma 
et al. (2002) who extended the premixed flamelets based mixedness-reactedness 
flamelet model of Bradley et al. (1990) to account for thermal radiation in laboratory 
scale and large scale natural gas flames. Reasonable improvements in the mean 
temperature have been reported with the non-adiabatic model. 
Use of non-adiabatic flamelet models different to the enthalpy defect concept has also 
been reported. Young and Moss (1995) presented an approach which is rather 
arbitrary. According to their approach, the enthalpy and mixture fraction relationship 
derived from detailed laminar flamelet calculations is first linearly approximated and 
then a series of radiatively perturbed flamelets are generated from this by systematic 
variation of a heat loss parameter which prescribes the fraction of the sensible 
enthalpy, relative to ambient, lost from the adiabatic profile. Solution procedure in 
CFD then involves identifying locally most appropriate "heat loss" flamelet. 
Radiation source term in CFD adopt an optically thin limit approximation. This 
approach was used in modelling sooting turbulent jet flames by Young and Moss 
(1995) while Carpentier et al. (2005) applied the same to model NO in turbulent 
natural gas flames in industrial furnaces. 
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Coelho et al. (2003) developed a non-adiabatic approach based on steady flamelet 
model for studying the spectral radiative effects and turbulence/radiation interaction 
in turbulent jet diffusion flames. This approach employs steady flamelet equations and 
ignores the effect of radiative heat transfer on flamelet chemical composition. Effect 
of radiation heat loss on flamelet temperature is however accounted through an 
implicit equation which is a function of temperature, conditional averaged scalar 
dissipation rate and radiation heat loss factor which is obtained from calculations 
based on Discrete Ordinates Method. Later Coelho (2004) employed this approach to 
study the different methods of accounting for turbulence-radiation interaction in 
turbulent jet diffusion flames. This approach however, is not suitable for modelling 
NO. Recently Xu et al. (2006) developed a non-adiabatic form of Lagrangian flamelet 
model. In this model, the effects of thermal radiation on thermo-chemical structure of 
the flame are accounted through a radiation source term in unsteady flamelet 
equations which is obtained from CFD using detailed radiation calculations based on 
finite volume correlated k method. They applied this model to methane/air Sandia D 
jet flame and showed promising improvements for temperature, major species as well 
as NO. 
Current Work: The non-adiabatic flamelet modelling carried out in the current 
work, extends the work carried by Hossain et al. (2001). The non-adiabatic flamelet 
model has been integrated with non-adiabatic NO submodels to facilitate NO 
modelling with the consideration of radiation heat loss effects on NO production. 
Both steady and unsteady (EPFM) non-adiabatic flamelets based NO submodels have 
been developed for integration with the non-adiabatic flamelet model. The steady NO 
submodel involves solving a transport equation for the mean NO mass fraction with 
its production term derived from enthalPy defect imposed non-adiabatic flamelets. In 
the unsteady (EPFM) non-adiabatic NO submodel, the mixing field is first obtained 
from the non-adiabatic flamelet model calculations in CFD. Subsequently, time 
history of scalar dissipation rate is extracted from post-processing calculations using 
EPFM. The time history is then used to generate the unsteady NO evolution from 
unsteady flamelet equations with radiation accounted through an optically thin limit 
approximation. Thus, the unsteady non-adiabatic NO submodel takes into account 
both the effects of radiation heat loss and the transient evolution of laminar structure 
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of NO. The non-adiabatic model employs a detailed chemical kinetic mechanism in 
the form of GRI 2.11 thereby accounting for all possible NO formation pathways. 
Development'has also been made in regard to the computational efficiency of the 
model in that CFD calculations with the non-adiabatic model now run on a look-up- 
table strategy. Further details on the non-adiabatic model are given in section 5.3. 
2.1.4 SLFM based modelling in LES 
Flamelet models have been extended to LES as subgrid scale combustion models by 
taking guidance from closure procedures that have been successful on the RANS 
level. Cook and Riley (1997) were the first to extend steady laminar flamelet model to 
LES. They employed a presumed shape beta PDF formulation called the Large Eddy 
Probability Density Function (LEPDF), for the mixture fraction and the flamelet 
profiles were obtained from a single step reaction. The LEPDF was proposed in their 
previous work (Cook and Riley, 1994) by the filtered mixture fraction and its subgrid 
variance which is obtained from an algebraic model equation based on scale similarity 
assumption. This model was found to be reasonably accurate compared to DNS data 
of homogeneous, isotropic decaying turbulence. Cook and Riley (1998) performed 
further a priori testing of this model by varying the activation energy of the one-step 
model and obtained better agreement with DNS data than models using equilibriwn 
chemistry. The LEPDF model of Cook and Riley (1994) has been tested by Jimdnez et 
al. (1997) together with a lognormal PDF for scalar dissipation rate and the scale 
similarity assumption. De Bryun kops et al. (1998) performed a full LES calculation 
with steady flamelet model by solving the balance equations for filtered mixture 
fraction and its variance. The model was found to accurately reproduce the spatial 
average of the filtered species obtained from DNS data. 
While the above works were restricted to a priori studies, LES of large scale turbulent 
non-premixed flames with steady flamelet model was first conducted by Pierce and 
Moin (1998). They proposed a dynamic model for the calculation of subgrid scale 
variance of mixture fraction and scalar dissipation rate. Using the dynamic model, 
they conducted LES of a swirling, confined, coaxial jet flame and obtained 
convincing comparisons with experimental data. Branley and Jones (1999) employed 
the dynamic model of Pierce and Moin (1998) and conducted LES of swirling 
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methane flame with a single flamelet profile. The results showed good qualitative 
agreement with the measurements. 
Raman and Pitsch (2005) developed a new strategy for LES grid generation, namely 
the Recursive filter refinement procedure which generates optimized clustering of grid 
for variable density simulations. This procedure was used along with the steady 
flamelet model for subgrid scale combustion and the dynamic model of Pierce and 
Moin (1998) in the simulation of turbulent CH4/H2 bluff-body stabilized flames and 
excellent match with experimental data was obtained. Kempf (2005) conducted LES 
of piloted methane/air jet flame using a steady flamelet model with a library of 
multiple flamelets obtained from detailed chemistry. The subgrid mixture fraction 
variance was modelled using the approach of Forkel (1999) while the filtered scalar 
dissipation rate was obtained from the model suggested by Girimaji and Zhou (1996) 
and De Bruyn Kops et al. (1998). Their calculations showed that for the selected 
partially premixed fuel, steady flamelet approach sufficiently describes the major 
species except for CO which is overpredicted in the fuel rich region. Using the same 
LES strategy, Kempf (2006) conducted LES of CH4/H2 bluff-body stabilized flames 
of Dally et al. (1998a) and obtained encouraging results for temperature and major 
species but they reported significant errors in the computed NO concentration. 
Recently, Ranga-Dinesh et al. (2006) employed a single flamelet based steady 
flamelet model to study LES of turbulent CH4/H2 unconfined swirling flames. They 
adopted the scale similarity model of Cook and Riley (1994) to model the subgrid 
variance of mixture fraction and employed the localized dynamic procedure of 
Piomelli and Liu (1995) to calculate the turbulent eddy viscosity. Their results showed 
reasonably good results for temperature and major species. However, the predictions 
failed to capture the downstream vortex breakdown in the flame. 
Application of unsteady flamelet models to LES was first taken up by Pitsch and 
Steiner (2000). They employed the Lagrangian flamelet model (Pitsch et al., 1998) 
along with the dynamic model of Pierce and Moin (1998) for the subgrid variance of 
mixture fraction. The unsteady flamelet equations were coupled with the LES solution 
to provide the filtered density and other filtered reactive scalar quantities. The scalar 
dissipation rate required to solve flamelet equations was determined from a method 
proposed by Bushe and Steiner (1999). They employed the model to a piloted 
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methane/air diffusion flame and found promising results especially for NO. This study 
was also the first demonstration of combustion LES of a realistic configuration using 
a detailed description of chemistry. A more advanced subgrid scale flamelet 
combustion model has been developed by Pitsch (2002) wherein flamelet equations 
are rewritten in Eulerian form which leads to a full coupling with the LES solver and 
thereby enables the consideration of the resolved fluctuations of the scalar dissipation 
rate. This model was used in LES of piloted methane/air jet diffusion flames and 
significant improvements in the CO formation have been achieved in comparison to 
the Lagrangian flamelet model based calculations of Pitsch and Steiner (2000) and 
steady flamelet model calculations of Kempf (2005). 
Current Work: In the current work, LES with steady flamelet model has been 
conducted on a turbulent lifted methane-air jet flame using a look-up-table strategy 
which allows for consideration of variation in thermo-chemical structure of the flame 
with respect to the filtered scalar dissipation rate. The presumed filtered PDF for 
filtered mixture fraction assumes a0 function while that for filtered scalar dissipation 
rate assumes a log-normal distribution. The subgrid scale variance of mixture fraction 
and the filtered scalar dissipation rate have been modelled based on the suggestions of 
Cook and Riley (1994) and Cook and Riley (1998), respectively. The turbulent eddy 
viscosity has been evaluated using the local dynamic procedure of Piomelli and Liu 
(1995). Current work on LES, extends the work carried by Ranga-Dinesh et al. (2006) 
in that the sophistication of the steady flamelet model in the in. &house LES code has 
been enhanced by relaxing the assumption of a single representative filtered scalar 
dissipation rate. Further details are presented in section 5.2.4. 
2.2 Flamelet models for turbulent partially - 
premixed combustion 
If fuel and oxidizer enter separately, but partially mix by turbulence, combustion 
occurs in a stratified medium upon ignition. Such a mode of combustion has been 
traditionally referred to as partially premixed combustion. However, such a situation 
can be created as well when a premixed fuel and an oxidizer enter in separate streams. 
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Partially premixed combustion profits from the advantageous features of both the 
extreme modes of combustion, the non-premixed and premixed, while avoiding their 
adverse effects. Non-premixed combustion is faced with the concerns of excessive 
NOx formation at the stoichiometric mixture fraction where temperatures are 
conducive for thermal NO. While lean premixed combustion which is adopted in low 
NOx lean-bum gas turbine engines is a solution to this problem, it poses the challenge 
of handling combustion generated instabilities. 
Examples of partially premixed combustion range from aircraft gas turbine engines to 
large scalar industrial boilers. In aircraft engine combustors, flame propagation 
through a stratified mixture occurs when the hot gases from pilot burner come into 
contact with the inhomogeneous mixture formed at the main injector inlet. Another 
practical example results from the molecular mixing of species after local flamelet 
extinction in a turbulent flame. If conditions in the turbulent flame are favorable after 
molecular mixing, then the mixed reactants can ignite and bum in a premixed fashion. 
Direct injection gasoline engines are another example where partially premixed 
combustion can be observed. 
Another important manifestation of partially premixed combustion is the lift-off and 
the stabilization at the lift-off height in turbulent jet diffusion flames. Lift-off occurs 
commonly in large industrial boilers where lifting the flame base off the bumer 
prevents erosion of the burner rim although at the risk of increasing the susceptibility 
of the flame to blowoff. Explanations of the stabilization mechanism for lifted jet 
diffusion flames have however been quite controversial. Vanquickenbome and Van 
Tigglen (1966), Eickhoff et al. (1984) and Kalghatgi (1984) have shown from 
measurements that the stabilization of a lifted diffusion flame is governed by 
premixed turbulent flame propagation. On the other hand, Janicka and Peters (1982) 
and Peters and Williams (1983) proposed diffusion flamelet extinction as the 
responsible mechanism for flame stabilization. The idea that large scale turbulent 
structures control flame stabilization has also been discussed by Broadwell et al. 
(1984). In the recent years, triple flames have attracted, much interest, because it is 
believed that they may play a significant role in many partially premixed combustion 
situations including the stabilization of lifted jet flames. Lifidn (1994) and Veynante et 
al. (1994) have shown theoretically that in a laminar flow lifted flames are stabilized 
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by a triple flame configuration. The leading edge of a triple flame, called the triple 
point, propagates along a surface that is in the vicinity of stoichiometric mixture 
fraction. On the lean side of that surface there is a lean premixed flame branch while 
on the rich side there is a rich premixed flame branch, both propagating with a lower 
burning velocity. Domingo and Vervisch (1996) showed that the triple flame, also 
called as tribrachial flame or edge flame is more robust than a diffusion flame. In 
view of the many different aspects that are potentially important for a physically 
correct description of flame stabilization at the lift-off height, formulation of a 
turbulent combustion model is rather difficult. 
Bradley et al. (1990) proposed a flamelet model called the mixedness-reactedness 
model in which combustion proceeds essentially as premixed turbulent flame 
propagation. This model employs premixed laminar flamelets rather than the 
conventional diffusion flamelets in the flamelet model for nonpremixed combustion, 
and allows for a degree of premixing before combustion occurs. The volumetric heat 
release rates are computed for a range of equivalence ratios or mixture fraction or the 
mixedness parameter from premixed laminar flamelet structure which is provided as a 
function of reaction progress variable or the reactedness parameter. It is assumed that 
the premixed flamelet structure remains unaltered as long as the instantaneous strain 
rate is less than a critical quenching value beyond which flamelet extinguishes. The 
mean heat release rates are then calculated from the marginal PDFs of mixture 
fraction, reaction progress variable defined on the basis of dimensionless increase in 
temperature due to reaction and strain rate. The marginal PDF for flame straining is 
assumed to follow a quasi-Gaussian shape and both the PDF for mixture fraction and 
that of reaction progress variable is assumed to follow beta function distribution. The 
lift-off height is determined as the location of onset of heat release rate. The predicted 
lift-off heights compared favorably with the experimental data of Kalghatgi (1984). 
This model was later improved by Bradley et al. (1998a, 1998b) by allowing for 
flame extinction at both positive and negative strain rate. The model was found to not 
only predict the lift-off heights of Donnerhack and Peters (1984) but also the blow-off 
velocity as a function of nozzle diameter as reported by Kalghatgi (198 1). 
Sanders and Lamers (1994) formulated a model based on diffusion flamelet 
extinction. The stretch on the flame was accounted by a strain rate rather than scalar 
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dissipation rate. In addition, to model the influence of large scale structures, they used 
a PDF of spatial fluctuations to determine the mean reactive scalars. This model 
reproduced approximately the correct slope of linear dependence of lift-off heights on 
exit velocities in turbulent natural gas lifted diffusion flames. 
MUller et al. (1994) developed a model for partial premixed turbulent combustion 
using the G-equation approach similar to that adopted by the premixed laminar 
flamelet model of Peters (1986). Their model is based on two scalar fields, the 
mixture fraction and the scalar G which determines the location of the flame front. 
The mixture fraction determines the local equivalence ratio and thereby the value of 
the laminar burning velocity as a function of mixture fraction. Both the scalars are 
then subjected to turbulent modelling. The G-equation formulation used for flame 
propagation differs from the level-set approach of Peters (1986) in that the laminar 
burning velocity is now a function of scalar dissipation rate as well as mixture 
fraction. For the turbulent burning velocity, MUller et al. (1994) proposed a model 
containing three terms: a term for premixed flame propagation, a term accounting for 
partial premixing, and a flamelet quenching term. By including the three terms, they 
claimed to have accounted for both the premixed flame propagation and diffusion 
flamelet extinction theories. This model was applied to turbulent methane diffusion 
flames and was shown to be successful in predicting the upstream propagation within 
a partially premixed jet and the stabilization of the turbulent flame at the lift-off 
height. MUller et al. (1994) claimed that the premixed flame propagation term 
controls the upstream flamelet propagation while the modelling of the flamelet 
quenching term controls the lift-off height. However, it was later concluded that the 
diffusion flamelet extinction was not the mechanism that has been modelled. 
Henceforth, Peters (1999) modified the formulation and based it entirely on the 
premixed flame propagation mechanism. 
The partially premixed flamelet model of Peters (1999) combines the flamelet models 
for non-premixed and premixed combustion. The level-set, G equation, approach is 
used to calculate the location and geometry of the premixed flame front while mixing 
is accounted by mixture fraction. The dependence of scalar field on mixture fraction is 
accounted by a diffusion flamelet structure. The turbulent partially premixed burning 
velocity is based on the premixed flame propagation but takes into account the partial 
premixing via a conditional turbulent burning velocity based on mixture fraction. This 
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model has been successfully applied to turbulent methane and propane jet flames by 
Chen et al. (2000) and it was shown that the mean structure of the lifted flame is 
similar to that of a laminar triple flame and the lift-off heights were found to be in 
good agreement with measurements. 
Extension of the partially premixed flamelet model of Peters (1999) to LES has been 
carried out by Duchamp de Lageneste, and Pitsch (2001). Validations have been 
carried through LES of turbulent bunsen burner flames as well as turbulent partially 
premixed combustion in a dump combustor. The predictions have been shown to be 
good agreement with experimental measurements thereby showing the ability of the 
approach to handle both premixed as well as partially premixed combustion. Pitsch 
and Duchamp de Lageneste, (2001) also reported the successful application of this 
model in LES of turbulent lifted methane/air flames. 
Current Work: Current work differs from the reviewed works in that the partially 
premixed combustion has been modelled using a turbulent combustion model, namely 
the Flamelet/progress variable (FPV) approach, which was primarily developed 
(Pierce and Moin, 2004) for turbulent non-premixed combustion but uses a two scalar, 
mixture fraction and reaction progress variable, formulation. Also, the test case 
chosen for the simulation of partially premixed combustion is that of a turbulent lifted 
methane-air jet flame where the fuel is premixed (Cabra et al., 2005). Hence, the 
numerical simulations employ partially premixed flamelets. These flames have an 
additional feature of interest in that the fuel jet is surrounded by high temperature 
vitiated coflow and this introduces a new flame stabilization mechanism in the form 
of auto-ignition in addition to the premixed flame front propagation. However, the 
extent of numerical investigation undertaken in the present work does not attempt to 
draw definitive conclusions about the exact mechanism responsible for the model's 
ability to capture the flame lift-off. Instead, the investigations are limited to the extent 
of studying the ability of the models based on the FPV approach to capture the gross 
characteristics of the lifted flame when employed in LES as well as RANS. 
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2.3 Flamelet/Progress Variable (FPV) approach 
A model that was developed specifically for LES is the flamelet/progress variable 
(FPV) model of Pierce (2001) and Pierce and Moin (2004). This model uses steady 
state flamelets but is substantially different ftom the typical SLIM used by the 
aforementioned works. The FPV approach uses a reaction progress variable instead of 
a scalar dissipation rate to parameterize the flamelet library. The advantage of this 
different way of parameterizing is that it potentially gives a better description of local 
extinction and re-ignition phenomena and flame lift-off. With scalar dissipation rate 
as a parameter, typically only the steady state solutions lying below the extinction 
limit and those on fully extinguished state are considered in the flamelet library. 
Consideration of partially extinguished states is not possible since they result in a non- 
unique parameterization of the flamelets. Adopting reaction progress variable 
addresses this problem and the full range of steady state solutions can be considered 
in the library. In LES, the model requires solving a transport equation for the filtered 
reaction progress variable which can be defined as the sum of product mass fractions. 
The challenge in using the reaction progress variable is that, in order to close the 
model, the joint PDF of mixture fraction and reaction progress variable needs to be 
provided. Pierce and Moin (2004) in their study on confined coaxial jet swirling non- 
premixed flame, employed a delta (8) function for the filtered PDF of reaction 
progress variable. They showed significant improvement with the FPV approach in 
comparison to SLIM especially in the accuracy with which the flame stabilization 
region was captured. The FPV model can be interpreted as a two variable intrinsically 
low dimensional manifold (ILDM) model (Maas and Pope, 1992), where the ILDM 
library tabulation is generated with a flamelet model. 
Potential areas for the improvement of this approach have been identified by Ihme et 
al. (2005) in a priori tests using DNS data of turbulent non-premixed combustion in 
isotropic turbulence. The model for the presumed filtered PDF for reaction progress 
variable was considered important. The beta (P) function was proposed as a possible 
improvement for the FPDF of reaction progress variable and a closure model for the 
reactive scalar variance has been provided. They also showed that the steady state 
assumption of the flamelet solutions especially during re-ignition at low scalar 
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dissipation rates is inaccurate. Extension of the FPV model to an unsteady flamelet 
formulation has been carried out by Pitsch and Ihme (2005). They employed the 
unsteady FPV model in LES of turbulent confined swirling flames previously studied 
by Pierce (2001) and obtained notable improvement in the distribution of CO mass 
fraction. Recent developments to the FPV model include the evaluation and 
application of the statistically most like distribution as a new model for reactive scalar 
FPDF (Ihme and Pitsch, 2005). 
Current Work: It is one of the goals of the present research to contribute to the 
know-how in the predictive capability of FPV approach based combustion models 
when employed in LES as well as RANS. Although, the beta function based FPDF for 
reaction progress variable has been shown as a possible advancement to the FPV 8 
function model of Pierce and Moin (2004), no simulations of have been conducted on 
experimental configurations to further validate the findings. Also, since, the model's 
potential to predict local extinction and re-ignition phenomena and especially the 
flame lift-off have been identified, it is of dual interest to investigate the predictive 
capability of FPV models (based on 8 and R function based FPDF for reaction 
progress variable) in partially premixed combustion typically observed in lifted 
flames. In the current work, FPV models have also been employed in RANS 
framework to study the accuracy with which they can describe partially premixed 
combustion without the benefits of resolution of large scale motion, provided by LES. 
The FPV approach and its different formulations used in the present study are 
presented in section 5.5. 
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Governing Equations for Turbulent 
Combusting Flows 
The starting point for numerical modelling of turbulent reacting flows resides in the 
mathematical description through a set of governing equations. For turbulent reacting 
flows, the conservation equations of fluid mechanics are supplemented by those for 
conservation of chemical species to form the governing equations. In addition, 
variation in density with respect to pressure, temperature and composition of chemical 
species needs to be accounted and the relationship is established through an equation- 
of-state. These equations along with the enforced assumptions relevant to the flows of 
current interest are presented in section 3.1 of the present chapter. A brief overview of 
the turbulence simulation methods is then presented in section 3.2. 
3.1 Instantaneous governing equations 
The governing equations can be derived by applying conservation laws of physics viz. 
for mass, momentum and energy, to a situation of fluid flow through an infinitesimal 
control volume fixed in space. The equations are presented here in a Cartesian tensor 
notation with summation implied through indices k and 1. 
3.1.1 Conservation of mass 
Though chemical reaction may result in production and destruction of individual 
species, overall, mass is neither created nor destroyed. Application of this physical 
law and furthermore that the net mass across a control surface can be transported only 
through convection, results in the so called continuity equation: 
ap 
+ -L (pu") at oxk 
Governing Equations for Turbulent Combusting Flows 
Where p denotes the mixture density, t the time and Uk is the velocity in the direction 
Xk- 
3.1.2 Conservation of momentum 
The conservation of momentum is based on the Newton' second law of motion and is 
expressed by the Navier-Stokes equations: 
a (pui)+ a (PUA 
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Where, Ty is the shear stress in the jh coordinate direction on a surface whose outward 
normal is in the ýh direction, P is the static pressure and F, is the body force in the i Ih 
coordinate direction. Fluid in turbulent reacting flows is often considered as 
Newtonian and hence the shear stress can be related to velocity gradient. 
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where, p is the dynamic viscosity and 15, is the kronecker delta. 
3.1.3 Conservation of species 
Similar to overall mass conservation, mass continuity for individual species (Yj) can 
be derived and is given by: 
a (PyJ+ a (PUkyi)-"': -ajik +6i (3.4) at C, C, 
ýXk ýXk 
where JU is the mass molecular flux of the ith specie in thej th coordinate direction and 
&, is the rate of formation of specie i per unit volume. In combusting flows involving 
multiple species with varied molecular weights, complete treatment of molecular 
fluxes requires full array of diffusion coefficients characterizing diffusion of species i 
in a mixture involving species j, j=1,2,3 .... N. However, in turbulent flows of practical 
interest, turbulence Reynolds number is sufficiently high so that molecular transport is 
of secondary importance and Fick's law of diffusion can be employed (Libby and 
Williams, 1994). 
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Hence, 
JI, = -pD, 
Oy' 
(3.5) 1 
&i 
Introducing Eq. 3.5 in Eq. 3.4 leads to: 
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The above equation applies to each species and thus, in the presence of N species, N- I 
equations are to be solved considering the fact that 
N 
2> 
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However, it is highly desirable as is shown in steps to follow, to utilize element mass 
fractions denoted by Z, for an element e and defined by 
N 
e= 
Lmiýy, 
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(3.7) 
where mi, is the number of kilograms of element e in a kilogram of species i. This 
implies that for M number of elements, 
m 
J: z =1 ,e C-1 
(3.8) 
Since in chemical reactions elements are conserved unlike the species, we have for 
each element, 
Y, m je oý, = 
e=I 
(3.9) 
Conducting operations on Eq. 3.6, conservation equation for element mass fraction 
can be written as 
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Complexity in the right hand term of the above equation is often dealt by assuming a 
single diffusion coefficient, D, = D, leading to 
a (pz, )+ a (PUkZ, )= 0 
(pDOZ") 
ot CXk &k C'Xk 
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Equations 3.10 and 3.11 are quite useful in turbulent reacting flows as they eliminate 
the need to evaluate the chemical source term which introduces great complexity. 
Furthermore, by introducing a conserved scalar mixture fraction Z which is based on 
linear combination of elemental mass fractions, the computational effort is brought 
down to solving for just one equation. 
a (PZ)+ a (PUk Z)= 'D 
(pD aZ ) 
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3.1.4 Conservation of energy 
Conservation of energy can be derived from first law of thermodynamics and it is 
customary with low-mach number flows to adopt enthalpy as the energy variable. 
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Where h is the specific enthalpy of mixture, hi is that of species i, Scj=A1pDj is the 
Schmidt number pertaining to species i, and Pr is the mixture Prandtl number. The 
final term represents radiative heat loss which requires calculation through a separate 
radiative heat transfer equation in a radiation submodel such as the Discrete Transfer 
Method discussed in section 5.3. Assuming the characteristic Mach number of the 
turbulent flow to be smaller than unity, kinetic energy of mixture and viscous 
dissipation rate are neglected. Additionally considering, 
1. Equal diffusivities for all the species, same as needed for Eq. (3.11), A =D, 
and, Scj=Sc. 
2. Lewis number (SclPr) = 1, and 
3. LP negligible in case of low Mach number flows, Eq. (3.13) is simplified to at 
aa ýt ah (ph) + (pu,, h) = '9 + V'Qrad (3.14) at aXk aXk 
[Pr 
&k 
] 
In case of adiabatic flows, Eq. (3.14) is further simplified to: 
a (ph) +a (PUkh) =a[ 
ýi ah ] (3.15) at axk &k Pr aXk 
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From observation of Equation 3.12 and Equation 3.15 it is clear that they are identical. 
Hence under the above considered assumptions, complexity of the problem in 
turbulent reacting flows is further reduced as solving only for the mixture fraction and 
introducing an appropriate functional relationship between enthalpy and mixture 
fraction would suffice. 
In reacting flows, combustion influences fluid dynamics through density (assuming 
low Mach number flows where pressure fluctuations arc negligible). The equation of 
state is used to calculate density. For ideal gases, 
P=- 
p 
IV y 
R,, T 
i-I Wi 
(3.16) 
where R,, is the universal gas constant and Wj is the molecular weight of species i. 
3.2 Overview of turbulence simulation methods 
3.2.1 Direct Numerical Simulation 
The above set of instantaneous governing equations with appropriate initial and 
boundary conditions could be solved numerically without further approximation other 
than numerical discretisation resulting in a direct numerical simulation (DNS). Thus, 
in DNS, all the motions in the flow are resolved. This approach is the simplest from a 
conceptual point of view and results in the most accurate predictions. For Reynolds 
numbers which are sufficiently low such that the flow can be considered to be laminar 
and if the geometry is simple, then flows with complex transport and chemical kinetic 
characteristics could be solved with DNS to a high degree of accuracy (Smooke et al., 
1990). 
However, at high Reynolds numbers the flow is fully turbulent and is characterized by 
a wide range of length scales and time scales. Resolution of all these scales is 
prohibitively expensive. For DNS of turbulent flows, inorder to ensure that all the 
significant structures of turbulence are captured, each linear dimension of the 
computational domain must be at least a few times the size of the largest turbulent 
eddy or the integral length scale (L). At the same time, it is equally important to 
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capture all of the dissipation of kinetic energy which occurs on the smallest scales or 
the Kolmogorov length scale, il. Thus the size of the grid should be a small multiple 
of 77. Considering the simplest case of homogeneous isotropic turbulence, the number 
of grid points in each direction must be atleast Ll q. It turns out that this ratio is 
proportional to R, 3/4 (Tennekes and Lumley, 1972). Where the turbulent Reynolds 
number R, is based on the integral length scale. Since turbulence is a three 
dimensional phenomenon, the computations are necessarily 3D and hence the number 
of grid points is proportional to (LI ? 7) 3. In effect, the number of grid points and 
subsequently the cost of a simulation scale as R19/4. Thus, limiting the application of 
DNS to flows with turbulence Reynolds numbers considerably smaller than those of 
practical interest. Application of DNS to turbulent flows of practical interest is 
presently beyond the capability of the available computational power and is expected 
to remain so for the indefinite future. 
However, DNS can be of valuable use as a research tool for understanding the 
mechanisms of turbulence production, dissipation, energy transfer, interaction 
between combustion and turbulence. Two alternative techniques which facilitate 
applicability to turbulent flows of practical interest are the large eddy simulation 
(LES) and Reynolds averaged Navier Stokes (RANS). 
3.2.2 Large Eddy Simulation 
A significant portion of the computational effort in DNS is expended in resolving the 
small scales while it is the large scales which are more energetic and effective 
transporters of conserved properties. The large scales are dependent on the particular 
flow geometry and Reynolds number, while the small scales tend to be universal. 
Large eddy simulation is built around the idea of exploiting this relative difference in 
the roles played by the large and small scales. In LES, the scales of turbulence are 
conveniently separated into large scales and small scales or sub-grid scales (SGS). 
The large scales are completely resolved and hence directly computed while the 
influence of small scales on the large scales is modelled with appropriate SGS 
mathematical models. Thus, LES employs 'filtering' of the instantaneous governing 
equations such that they provide description of the space and time dependence of the 
resolved large scales. Since chemical reactions occur at the smallest scales, there is no 
-31 - 
Governing Equations for Turbulent Combusting Flows 
resolved portion of chemical source term in LES and the entire combustion needs to 
be modelled just as in RANS. Thus, combustion models are introduced into LES as 
SGS models. However, since LES can predict the turbulent mixing which is key to 
chemical conversion, more accurately than RANS, it is capable of bringing 
improvements to predictions of turbulent reacting flows. 
Resolving only the large scales allows for the use of much coarser mesh and larger 
time step sizes in LES as compared to DNS. Thus, the computational times for 
turbulent reacting flow of practical interest are made tractable. However, LES still 
requires substantially finer meshes than in RANS to resolve a majority of the 
turbulent kinetic energy and has to be run for a sufficiently long flow-time to facilitate 
stable statistics of the flow being modelled. As a result, the computational cost 
involved with LES is orders of magnitude higher than those associated with RANS 
calculations thereby necessitating high performance computing for engineering 
applications. 
3.2.3 Reynolds Averaged Navier Stokes (RANS) 
modelling 
For complex practical flow configurations currently the most feasible numerical 
simulation technique is the Reynolds Averaged Navier Stokes (RANS). The RANS 
approach is based on 'averaging' of the governing equations over time (if the flow is 
statistically steady) or over an ensemble of realizations (for a statistically unsteady 
flow). Hence, the numerical effort is reduced to the description of only mean flow 
field while all the scales of turbulence are modelled. If the mean flow is steady, the 
governing equations will be devoid of time derivative and hence a steady state 
solution can be obtained quite economically. Even if the mean flow is unsteady, 
RANS provides computational advantage since the size of time step is dictated by 
global unsteadiness rather than turbulence time scales. Commonly two types of 
averaging procedures are in use: 
(1) Conventional time averaging (Reynolds averaging) and 
(2) Density weighted averaging (Favre averaging) 
Favre averaging procedures are highly recommended Bilger (1976; 1980) for all 
turbulent flows with significant density variations. In combusting flows with large 
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density variations, Reynolds averaging leads to additional terms with density 
fluctuations. Modelling these terms involves considerable complexity. Favre 
averaging, being a mass weighted average approach avoids terms involving density 
fluctuations leading to simpler forms of the governing equations. However, the Favre 
averaged equations still contain unclosed terms which necessitate the introduction of 
approximations in the form of turbulence and combustion models. 
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Turbulence Modelling 
In the previous chapter, it has been pointed out that large eddy simulation (LES) and 
RANS, which are currently the feasible numerical simulation techniques for flows of 
practical interest, require models to approximate the unclosed terms in the set of 
governing equations. In this chapter, the governing equations in RANS form and the 
RANS turbulence models adopted in the current work are presented in section 4.1. In 
section 4.2, the details of the filtered governing equations in LES and the models 
employed for closure of subgrid scale stresses and scalar fluxes are presented. 
4.1 Reynolds-averaged Navier-Stokes formulation 
4.1.1 Reynolds and Favre averaging 
In the Reynolds decomposition, any flow variable 0 can be written as the sum of a 
mean ý and a ý' fluctuation about the mean: 
0 (x t) =j (x, )+ O'(x t) with O'(x t) =O 
The mean can be obtained from time averaging (in case of statistically steady flows) 
T 
ý (x, )= lim fo (x t) dt (4.2) T->co 
or by a more general ensemble averaging 
j lim 
-11 (4.3) 
N- . ý7EO(x, 
t)dt 
n-1 
In the above equations, t denotes time, T the time interval and N represents the 
number of samples of the ensemble. Substitution of the above decomposition into the 
continuous form of the governing equations with subsequent ensemble averaging 
results in the governing equations for mean flow variable. While averaging of any 
linear term simply gives the identical term for the averaged quantity, a quadratic 
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nonlinear term results in the product of the average and an additional covariance term 
which needs to be modeled. 
UO = ii0 +WO' (4.4) 
In turbulent reacting flows, density is subjected to fluctuation due to thermal heat 
release and Reynolds averaging induces additional difficulties. For example, Reynolds 
averaging the mass conservation equation yields: 
aýi 
+a ')=o at &k 
(; 5Wk + P'Uk (4.5) 
The velocity-density correlation is an additional complexity involving significant 
uncertainty in its explicit modelling. Hence, it is more desirable to avoid its 
introduction by adopting mass weighted or Favre averaging. In Favre averaging, all 
the instantaneous values of velocity and scalars (0) except for pressure and density 
are decomposed into a steady and fluctuating part as: 
Ui = 
pui + Uff = iii + u, " , Oj = 
ýj + oiff (4.6) J5 
Favre mean is denoted by a tilde while the fluctuation about the Favre mean is given 
by double prime. Additionally, pu, "= 0, and po"=O while ý'#Oand u, "#O. 
Insertion of this decomposition into the continuous form of the governing equations 
with subsequent ensemble averaging results in Favre averaged equations for the mean 
flow quantities. 
4.1.2 Favre averaged governing equations 
9 Conservation of Mass: 
a; 5 +a': 
0 
at 0' 
(; 5wk) (4.7) 5Xk 
This equation is devoid of tenns involving density fluctuations and hence is 
fonnally identical to the Reynolds averaged continuity equation for constant 
density flows and the results holds good for other conservation equations as well. 
* Conservation of Momentum: 
(ýU, "Uk (4.8) at &k OXi &k aXk 
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Where the viscous stress tensor 1"' for a Newtonian fluid and incompressible 
flow is given by 
2 Sij (4.9) 
where p is the laminar dynamic viscosity, and Sy is the strain rate tensor 
SY ýI 
aft, 
+ (4.10) 2 &, 
9 Conservation of Species 
(A Jy (ýUk 
l) ät 
(; 3-pi ) 
'lXk &k aXk G 
where i=1,2,.. N species. 
* Conservation of Energy 
Aa +k 2wh-') (4.12) (bh + V*Orad (ýUk at &k 
kk 
e Any Conserved scalar ( example: mixture fraction) 
N a (; 52) +a 
(Tk 2) 
=a 
(f)z) 
-a 
(TUkp - 
at aXk &k 0 'Xk 
In the above Favre averaged equations the following unknown quantities need to be 
closed: 
Reynolds Stresses: 7UUk 
These terms represent turbulent transport and their closure is approximated 
through a turbulence model. Common approaches of modelling the Reynolds 
stresses range from simple linear eddy viscosity based k-e model to complex 
second moment closures where transport equations are solved for individual 
components of the Reynolds stresses and the modelling is shifted to higher order 
terms. The k-c model is quite popular for practical application owing to its quick 
turn around times and reasonably good accuracy. However, it is incapable of 
accurately reproducing the augmentation or suppression of individual components 
of the turbulent stresses occurring due to a range of phenomena in turbulent 
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combustion. Currently, second moment closures represent about the simplest level 
at which a more detailed and accurate description of turbulent transport can be 
achieved in RANS. 
One of the tasks undertaken in the current research work was to enhance the 
turbulence modelling capability of the in-house RANS code which is equipped 
with a standard k-e model. To this end, a Reynolds stress transport model has been 
implemented in the in-house RANS code and it has been employed for turbulence 
closure in all the RANS based calculations in the current work. The relative 
performances of the Reynolds stress transport model and k-c model have been 
studied in turbulent bluff-body stabilized flames and the results are presented in 
section 8.2.3. 
Turbulent scalar fluxes: pu' Y, ", pu'h" and pu"Z" kk 
These terms represent turbulent transport of a scalar and are usually modelled 
based on the gradient diffusion and turbulent viscosity hypothesis and are 
-expressed as: 
"h Oh (4.14) PUk "= _'"' 
ý_; 
Tuk "Y 
Y; TUk OZ 
Pr, OXk Prh &k SCZ &k 
Where pT is the turbulent eddy viscosity and is estimated from the turbulence 
model, Pri is the turbulent Prandtl number corresponding for the species i, Prh is 
the turbulent Prandtl number corresponding to enthalpy and Sc,, is the turbulent 
Schmidt number corresponding to mixture fraction. This approach is 
computationally effective and hence was adopted in the current work. An 
alternative but computational expensive approach of handling the turbulent fluxes 
is by employing a second moment closure wherein transport equation for 
individual components of turbulent fluxes for each scalar are solved and the 
higher order moments are modelled. 
In high Reynol4s number flows, the Reynolds stresses are considerably larger than the 
mean viscous stress i.. and hence can be neglected. Analogous to Reynolds stresses, ik 
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the turbulent scalar fluxes represent the dominant mode of transport in high Reynolds 
i-h- 
numbers and hence the laminar diffusive fluxesf)ki 9 D; and D'can be neglected. 
Chemical source term, co, 
The determination of mean chemical source term is one of the central problems of 
turbulent combustion modelling and is the main motivation behind the development 
of turbulent combustion models. The turbulent combustion models adopted in the 
present study are discussed in detail in Chapter S. 
4.1.3 Standard k-c model 
The two equation k-c model has been originally developed by Jones and Launder 
(1972) for constant density recirculating flows. However, its use can be made in 
reacting flows with variable density by simply recasting the model in terms of Favre 
averaged quantities with the inherent presumption that density fluctuations are 
accounted for by the averaging. This approach has been discussed in detail by Jones 
and Whitelaw (1982), Jones (1994) and Kuo (1986). In this model, the Reynolds 
stresses are assumed to be linearly related to rate of strain, hence 
-PT 
ýUL, 
, -ýUL +8 &j exi 3 
Where 8. = I, for i=j and J. =0 for i #j and T is the turbulent kinetic energy: 
ý 
Uk k (4.16) 
Dimensional analysis considerations dictate that the eddy viscosity p. be given by the 
product of a turbulent velocity scale given by %/k: 
" 
and a turbulent length scale given 
by k /Z : 
k2 
cm; 5 -_ 
16 
(4.17) 
Where C,, is the turbulence constant and F is the rate at which the turbulent kinetic 
energy is dissipated. Both T and F are computed from their respective transport 
equations. 
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U, ak 
+G-; 59 (4.18) C, +" 
('ý5, k)="( 
&k at aXk &k Prk 
aa(P, az 6- G- C62; 3 
92 
+ +C., -- (4.19) at 'Xk kk aXk aX, Pr, 0 
In the above equations, Prk and Pr. are the turbulent Prandtl numbers for turbulent 
kinetic energy and dissipation rate respectively. The tenn G represents the rate of 
production of turbulent kinetic energy and is expressed as: 
Gý pt T 
ýUlj + ýnu, aii, (4.20) 09xi axi 
) 
axi 
The standard values of modelling constants in Eqs. 4.17 and 4.19 are given in Table 
4.1. These modelling constants are obtained from analysis of simple constant density 
flows and are optimized to handle wide variety of flows. 
c c 
el 
c 
e2 Prk Prr 
0.09 1.44 1.92 1.0 1.30 
Table 4.1: Standard k-c model constants. 
Modified k-c model 
In the present work, a modified form of the standard k-F, has been employed. The 
modification comes in the form of using C,, = 1.6 instead of the standard value. This 
modification has been found by Dally et al. (1998b) to improve the spreading rate of 
the fuel jet in bluff-body stabilized flames. 
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4.1.4 Reynolds stress transport model 
The Reynolds stress transport (RST) model involves solving a differential transport 
equation for each component of Reynolds stresses and scalar fluxes. Hence, instead of 
modelling directly the second moments, as is done with the k-6 model, the 
modelling effort is shifted to unknown higher-order correlations appearing in 
differential transport equations. Also, the turbulence production terms are now 
subjected to exact treatment. This is expected to facilitate accurate prediction of 
turbulent stress field and its anisotropy. Further, capturing stress anisotropy also 
enables a more realistic modelling of turbulence dissipation rate (Hanjalic and 
Jakirlic, 2002). In the present work, the Reynolds stress model proposed by Launder, 
Reece and Rodi (1975) has been implemented in the in-house RANS code with few 
modifications which are discussed below. The generalized form of transport equation 
for Reynolds stresses for an incompressible flow is given in the Cartesian tensor 
notation as: 
(; 5iikýop #)= Dv +DjT +DP +p TZ 0 .1 
uj v U+Gy +Ry +0 (4.21) at &k 0 
Where the first and second terms on the left hand side represent the time derivative 
and convective transport of the Reynolds stresses. The first three terms (Dy) on the 
right hand side represent molecular, turbulent and pressure diffusion; Py is the 
production by mean flow deformation; Gy is the production by body force; RY is the 
production by rotation force; OU is the stress re-distribution due to fluctuating 
pressure and Ej is the stress dissipation. These terms have been discussed below: 
Molecular diffusion 
The molecular diffusion can be treated exactly as: 
Dtj ap &k (4.22) 
However, for high Reynolds number flows which, are of interest in the present study, 
molecular diffusion is negligible and hence can be neglected. The remaining two 
terms turbulent and pressure diffusion need to be modelled. 
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Turbulent diffusion 
The most popular model for turbulent diffusion is the generalized gradient diffusion 
(GGD), also known as Daly-Harlow (1970) model: 
T CT 
A0") =0.22 (4.23) Dtj 
k 
Aý: ýIU NiUk 
aXk E 
ýk 
axi 
(Wiuj CT 
ox 
( 
However, this tensorial form when expanded gives rise to cross-diffusion terms that 
result in severe numerical instabilities. Hence, the present study employs a 
numerically stable and simpler gradient diffusion model Proposed by Lien and 
Leschziner (1994): 
Dýi T=- 
8 
liT (4.24) 
0 -yk L9Xk 
Pressure diffusion 
Diffusion by pressure fluctuations has a different nature in that the propagation is 
through disturbances and none of the gradient transport forms is applicable for 
modelling this term. 
pa D, j &k (4.25) 
(? 
U-, "8jk + 
7UjF8ik 
However, in many flows the pressure transport is much smaller than velocity transport 
and hence pressure diffusion has been neglected in the present study. 
Production by shear 
Production by deformation or shear is subjected to exact treatment and is given by: 
N-5j -ýUkff 
051 
+ ý'Wjl Uk (4.26) p &k &k 
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Pressure -strain rate term 
The effect of pressure fluctuations is redistribution of the turbulent stress among 
components thereby making turbulence more isotropic. The pressure strain interaction 
term is usually split into the following parts: 
ký (Dy', + (Dy, 2 + (1)0,3 + (1)"0 + (Dw,. 2 + (Dw,, 3 (4.27) 
The first term (Dij, j is the return to isotropy of non-isotropic turbulence or 'slow term'. 
The second term Oij, 2 is the 'isotropization' of the process of stress production due to 
mean rate of strain. The third term (Dij, 3 is t he 'isotropization' of stress production due 
to a body force. The last three terms correspond to wall blockage and pressure 
reflection effects associated with (Dip, (Dij2 and (Dij3. The wall blockage effect acts 
against the isotropizing action of the pressure fluctuations while the pressure 
reflection effect augments the isotropizing action due to enhanced eddy scrambling. 
All the terms need to be modelled and different modelling approaches have been 
proposed in the literature. The models adopted in the present study are discussed 
below: 
Model for Slow Term Oij i: Rotta (195 1) proposed a simple linear model by which 
(Dij, is proportional to stress anisotropy tensor. 
2 
50k) (Dy, = -CI; 5 --a,, = -CI; 5 uj. _- (4.28) kk, 3 
Where au is the stress anisotropy tensor. 
Models for Rapid Terms Oij2 and (Dii3 : The term (Dii2 is associated with mean 
strain rate which is usually the major source of turbulence production. Hence pressure 
fluctuations can be expected to modify the very process of stress production. 
Following this concept, Naot et al. (1970) proposed a model analogous to Rotta's 
model for the slow term and is known as the 'isotropization of production' IP model. 
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According to this model: 
pp (4.29) (t)u2 -C2( y 
8y 
kk) 3 
Where the constant C2 is correlated to the constant C, by: 
4.5(1- C2) (4.30) 
The values adopted in the present work for these constants are: CI=1.8 and C2=0.6 
An analogous approach can be adopted for the pressure effect on the stress production 
due to body force. For the flows modelled in the present work, body forces are 
negligible and hence (Dij3 is neglected. Since the modelled flames are unconfined, wall 
reflection and wall blockage effects, if any, are not expected to influence the regi ons 
of interest in the studied flames. Hence the last three terms in Eq (4.27) have been 
neglected. 
Dissipation rate term 
This has been modelled using the local isotropy hypothesis of Kolmogorov which is 
pertinent to high Reynolds number flows. 
zu =3a ýi (4.31) 
The mean energy dissipation rate -E is obtained by solving its transport equation. The 
basic form of the model equation is same as in the k-c model, except that now the 
production term is treated in exact form: 
a 'UT aE IE 
V 
+aa +C., P -C (4.32) at &k 0( Pr, -aXk k kk C2ý k 'Xk 
The model constants used in the present study are Ccl=1.60 (same as in the modified 
k-c model), Cc2==1.92 and Pr,, =I. O (from Lien and Leschziner, 1994). 
Turbulent kinetic energy 
Since, the Reynolds stresses are solved in the RST model, the mean turbulent kinetic 
energy can be directly obtained from the normal stresses. However, presence of walls 
requires special treatment to bridge the viscous sub-layer. The log-law-based wall 
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function treatment used with k-e model can be extended to RST model but it is less 
straightforward. The main problem associated with RST model is the need to calculate 
additional pressure-strain terms in the Reynolds stress transport equations. The 
pressure-strain terms contain products of stresses and strains, and the variation of the 
former across the sublayer is uncertain (Leschziner and Lien, 2002). To overcome this 
problem, an equation for k is solved at the near wall cells rather than the equations 
for Reynolds stress components. However, for computational ease, the equation for 
has been solved in the entire domain rather than just at the near wall cells. 
_LT ak o5k) +" (Tig, k) ="-+ Pk - j5g (4.33) 
at aXk aXk Prk ax, 
Where Prk= 0.82 (Lien and Leschziner, 1994). 
Near wall components of stresses are then derived from the mean turbulence kinetic 
energy from a closed set of algebraic equations (Eq. 4.34). These equations are 
obtained by considering local equilibrium forms of the Reynolds stress equations from 
which the convective and diffusive transport terms are omitted and the log-law is used 
to approximate the shear strain which is assumed to be the only strain (Leschziner and 
Lien, 2002). 
Ww 
p 
=1.098kp, 
(ýý)p 
=0.247kp, 
ww Fý) 
p=0.655kp, 
(W;; 7ýý)p = -0.255kp (4.34) 
Where TP is the turbulent kinetic energy at the near wall node p. 
Turbulent scalar flux modelling 
Turbulent scalar fluxes could be modelled using the same approach as adopted for the 
closure of Reynolds stresses. However, this would lead to enormous increase in 
computational time due to the need to solve for additional transport equations for each 
conserved scalar. Hence in the present study the simple gradient diffusion hypothesis 
(Eq. 4.14) has been adopted to model the turbulent scalar fluxes. 
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4.2 Large Eddy Simulation formulation 
4.2.1 Spatial filtering 
In LES, the governing equations are subjected to spatial filtering to partition the 
solution space into resolved and unresolved scales. According to Leonard (1974) 
spatial filtering of a functionf can be defined as: 
j(x)= fG(x-x'; ýi(x))f(x')dx' (4.35) 
D 
In the above equation, G represents a filter function and the integral is extended to the 
entire computational domain. The most commonly used filter functions are the sharp 
Fourier cut-off filter, the Gaussian filter and the box filter. Each filter has a length 
scale Z associated with it and is taken to be intermediate between the Kolmogorov 
length scale and the integral length scale. Eddies of size larger than ýi are classified 
as large eddies while the ones smaller than Z are classified as the small eddies which 
need to be modelled. In the present LES, a box filter has been adopted, as this filter 
fits naturally into a finite volume discretisation. The process of finite volume 
discretisation of the continuous governing equations is equivalent to applying a box 
filter of width: 
A= 2(Ax Ay Az) 
1/3 
(4.36) 
where Ax , Ay and Az denote the width of a computational cell in the three co- 
ordinates. The box filter is defined as 
G(x - x) =1 Ix - x'l < _A (4.37) 
=0 
Ix 
- X'l > -Ä 
As already discussed in the context of RANS, for turbulent reacting flows where the 
density fluctuations are appreciable, it is more convenient to adopt a density weighted 
form of the governing equations. Hence in the context of LES, a Favre 'filtered' form 
of the governing equations is adopted. These equations are very similar in form to the 
Favre averaged equations in RANS. 
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Favre filtered continuity equation 
aýi 
+ at OXk 
65uk 0 (4.38) 
Favre filtered Navier Stokes equations 
+a 
(Jýiik5l) +0 
[2p (§, 
k - -1 '54 
§kk 
-ar 
ik + Fj (4.39) 
at &k &i aXk 3 &k 
where the strain rate tensor, go =I au, + 
ýU-j (4.40) 
2 &J &,, 
In the context of LES, the term r, is the subgrid scale (SGS) stress tensor and it 
represents the impact of the unresolved velocity components on the resolved ones. 
(ýiuj -17"qj) (4.41) 
This is introduced from the nonlinearity of the convection term, which does not 
commute with the linear filtering operation. In much similarity to the closure problem 
encountered in RANS, the SGS stresses need to be closed with a suitable SGS model. 
Favre filtered scalar conservation equation 
Applying Favre filtering to the continuous form of conserved scalar such as mixture 
fraction (Eq. 3.12) yields: 
a (ýi, 5k2)=__Lýra2j+ZkSGS (4.42) 
&k &k ý aXk ) 
The additional term Zk"' is manifested due to the non-linearity of the convection 
tenn and represents the unresolved or subgrid scale portion of the turbulent scalar flux 
and needs to be closed through a subgrid scale model. 
I 
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4.2.2 Modelling of subgrid scale stresses 
The primary requirement of SGS model is to ensure that the energy cascade (from 
large scales to small scales) in the LES is same as that obtained with the cascade fully 
resolved, as in DNS. The cascading is however an average process. Locally and 
instantaneously the transfer of energy can be much larger or much smaller than the 
average and in flows, such as transitional flows, energy cascade can also occur in the 
opposite direction (i. e. from smaller scales to larger scales) known as 'backscatter' 
(Piomelli et al., 1996). Hence ideally, the SGS model should also account for this 
local instantaneous transfer. 
Smagorinsky model 
The Smagorinsky model (Smagorinsky 1963) was the first model to be proposed for 
SGS stress tensor and is still widely employed. It employs the eddy viscosity concept 
thereby relating the anisotropic part of the SGS stresses to the rate of strain Sik of 
resolved velocity field. 
Iry-3 4 
'Ckk ý'SGSS# (4.43) 
The eddy viscosity psGs is determined by considering it to be proportional to the 
product of the length scale of the unresolved motion and its velocity scale. Relating 
the length scale to filter width ýi and velocity scale to the strain rate tensorSk, the 
eddy viscosity usGs can be expressed as: 
PSGS =, ý(C, 
2i)2 IgI (4.44) 
Where 1ý1 = 
F29, ý, 
j and C, is a dimensionless co-efficient called the Smagorinsky 
co-efficient. The widespread use of this classical Smagorinsky model is mainly due to 
its simplicity. However, the model suffers from significant drawbacks. The 
Smagorinsky co-efficient is flow dependent and hence has to be calibrated for each 
variety of flow. Lilly (1966) determined the value of C, = 0.23, for homogeneous 
isotropic turbulence with a filter cutoff in the inertial subrange and A equal to the 
grid size. However, in the presence of mean shear, this value resulted in excessive 
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damping of the resolved large scale fluctuations, and in his simulation of turbulent 
channel flow, Deardorff (1970) used C, = 0.1. For the same type of flow, Piomelli et 
al. (1988) found the value of C, = 0.065 to be optimal. The optimal value is changed 
for other types of flows such as transitional flows. Another drawback stems from the 
fact that the classical model does not account for the reduction in eddy viscosity close 
to the walls. To overcome this problem, use of Van Driest style damping functions is 
advocated (Moin and Kim, 1982). 
[LsGs =, ý (CA)'Igl. 
(I 
- e-(Y* 
IA* )3 ) 
(4.45) 
However, this ad hoc approach is restricted to simple flows and is far from desirable. 
In addition, the assumption of eddy viscosity makes the Smagorinsky model strictly 
dissipative and hence is not capable of reproducing 'backscatter'. 
Dynamic procedure 
Motivated by the limitations of the classical Smagorinsky model, Germano et al. 
(1991) developed dynamic procedure wherein the co-efficient C, is computed 
dynamically as the calculation progresses rather than input a priori. In this procedure, 
an additional filter known as the test filter (A) which is larger than the grid filter is 
applied to the velocity field and information is extracted from the smallest resolved 
scales (i. e larger scales close to the cut-off). This information is then used in 
calculating the Smagorinsky co-cfficient. Application of the test filter to the filtered 
Navier-Stokes equations results in sub-test-scale stress tensor analogous to sub-grid- 
scale stress tensor. 
Wu, 
-U, U (4.46) 
The test filtered velocities 5, can be computed from known resolved velocities 5, by 
applying the test filter using an appropriate function G. Similarly, the resolved part Lik 
of the sub-test-scale stress Ty on the grid 2i can be evaluated. 
Zl"i- 
-Z2, 
) Lii=lýi(ului ului (4.47) 
These resolved turbulent stresses are also known as Leonard stresses and are 
representative of the contribution of the Reynolds stresses by the scales whose length 
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is intermediate between the test filter width and the grid filter width. Germano et al. 
(199 1) related Ly to the subgrid test scale stresses at the test level and grid level by the 
identity: 
Lli =TU - ig (4.48) 
Thus, on one hand Ly can be directly computed while on the other hand a model 
expression can be obtained with the application of Smagorinsky model to the 
anisotropic parts of Ty andc, . 
Tu- 
1 
öijrd =-2 (CÄ)2 
jýI & (4.49) 
3 
Tu - 8, j Tkk =-2C, 
2 Ä' SSu (4.50) 
where 
It 9ýj 
Sy + -L and 
Istj 
= 
ýAj §y 
2 &J &j 
Substitution of Eq. 4.49 and 4.50 in 4.48 leads the model expression: 
-- -------- 
E 
mmi 
,j =-2C', 
2i'j9j9y+2C', 2i'j9j9jj (4.52) 
Ideally, C., can be chosen such that 
Ly - 
ry od =0 (4.53) 
But since the Eq. 4.53 is a tensor equation, it can only be satisfied in some average 
sense. Lilly (1991) proposed the minimization of the root mean square of the left- 
hand-side which yields: 
cl (x, y, z, t) 
LUMj - 1/ 3LkkM, 1 (4.54) 
.I 2Ä'(MýMy -1/ 
3Mkk Mil ) 
4" 
Where M,, = a, 
A SS 91 gy and a= -= is the ratio of test filter to grid filter. A 
For an incompressible flow, Eq. 4.54 simplifies to 
c2 (L li 
mü 
3 
x, y, Z, t) 
ý-- - ixiM-ý mu 
(4.55) 
Thus, with the dynamic procedure, the Smagorinsky co-efficient can be dynamically 
calculated at every spatial grid point and time step with only a as the only input to 
the model. The dynamic procedure ensures correct behaviour near wall without any ad 
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hoc damping functions by automatically reducing the value of the co-efficient near to 
the wall. 
However, the values of model co-efficient tend to fluctuate considerably in space and 
time thus requiring some form of averaging to maintain stability of the numerical 
simulation. Typically, Ly and My are averaged in spatially homogeneous directions in 
space. However, this requires the flow to have at least one homogeneous direction. A 
number of alternative approaches which give better stability than the standard 
dynamic procedure have been proposed. Breur and Rodi (1994) proposed to relax the 
value in time using the co-efficient from previous time step. Piomelli and Liu (1995) 
proposed to use the known value of the co-efficient from previous timestep in the 
rightmost term of Eq. (4.52) rather than extracting it from the test filter. This method 
offers the advantage of smoothing in space without any homogeneous direction 
required and hence is adopted in the present LES. 
4.2.3 Modelling of subgrid scalar fluxes 
Analogous to the eddy viscosity based strategy adopted for SGS stresses, a simple 
gradient diffusion model with eddy diffusivity is employed to model the SGS scalar 
fluxes. For a conserved scalar mixture fraction Z: 
SGS I' 
az 
t aXk (4.56) 
Where the eddy diffusivity IF, can be obtained from the knowledge of eddy viscosity 
by scaling with a turbulent Schmidt number. 
ri = 
PT / ;j 
SCT 
(4.57) 
Substituting the Eqs. 4.56 and 4.57 in 4.42 yields the Favre filtered mixture fraction 
transport equation in its closed form: 
a (Oak2) 
=a (r + FI) a2 (4.58) at &k aXk aXk 
The laminar and turbulent Schmidt numbers take values of 0.7 and 0.4 respectively in 
the present work. 
-so- 
Chapter 5 
Combustion Models 
The direct approach of handling combustion is to find a suitable chemical kinetic 
mechanism for the fuel under investigation, solve the transport equations for all the 
species in the mechanism and attempt to model the mean chemical source term. 
However, a realistic chemical mechanism can involve tens of species and several 
hundreds of elementary reactions even for a simple hydrocarbon fuel like methane. In 
addition, if one is interested in accurate prediction of pollutant NO,,, accounting for all 
the possible reaction pathways becomes a necessity and the overall mechanism could 
be reduced only to a limited extent. Solving for a large number of transport equations, 
even with RANS, is not tractable let alone for LES. Another concern is that of finding 
a suitable model for the mean or filtered chemical source term which is, in principle, 
an arbitrary nonlinear function of the scalar variables. Thus, it is required of a 
combustion model to address both the issues with an accurate, yet computationally 
efficient method. 
For non-premixed combustion, conserved scalar mixture fraction based models appear 
to offer the most effective description of the chemistry. When used in conjunction 
with a non-conserved reaction progress variable, they are as well capable of handling 
partially premixed combustion. One of the main objectives of this work is to develop 
and implement advanced flamelet based combustion models all of which are mixture 
fraction based. In this chapter, the role of mixture fraction in non-premixed 
combustion has been discussed section 5.1 as a prelude to the classical steady laminar 
flamelet model which is discussed in section 5.2. An advanced formulation for non- 
premixed combustion, the non-adiabatic flamelet model which accounts for radiation 
heat loss effects is discussed in section 5.3. For NO modelling, both the steady 
laminar flamelet model and non adiabatic flamelet model require the use of NO 
submodels and these submodels are presented in section 5.4. Finally, the 
flamelet/progress variable approach has been discussed in section 5.5. 
Combustion Models 
5.1 Conserved scalar mixture fraction approach 
It has been shown in section 3.1, that in a chemical reaction the element mass 
fractions are conserved and their equations are devoid of chemical source term. And 
under the assumption of unity Lewis number, equal diffusivity and adiabatic 
conditions, the enthalpy too is conserved and its equation (Eq. 3.15) takes a form 
identical to that of element mass fraction (Eq. 3.11). These conserved scalars in the 
chemical reaction can be represented by a single normalized scalar, namely the 
mixture fraction, Z. For a two feed fuel-oxidizer non-premixed combustion, the 
mixture fraction is simply the local fuel stream mass fraction taking a value of unity in 
the fuel stream and zero in the oxidizer stream. A relationship between mixture 
fraction and reactive scalar variables (species mass fractions, temperature etc. ) ýould 
then be specified through thermo-chemical models and complete information on 
chemical state can be obtained at a significantly reduced computational expense. This 
forms the basis of conserved scalar mixture fraction approach. 
The mixture fraction which is by itself a conserved scalar, assumes the vital roles of 
tracking the mixing of inflow streams, transport of all the conserved scalars (element 
mass fraction, enthalpy etc. ), and the advection of reactive scalars. Mixture fraction 
can be related to any of the conserved element mass fractions. However, in the 
presence of differential diffusion, the mixture fraction values become sensitive to the 
particular element on which the definition is based. The element mass fraction no 
longer has a linear dependence with flame position (Drake and Blint, 1988). To 
overcome this problem, Bilger (1988) suggested a definition for mixture fraction 
which is based on a linear combination of elemental mass fractions of C, H and 0: 
Z= 
2(Z,, - 
Zc, 
2) 
1 Wc + VH ZH, 
2)12WH 
Va 
- 
Zo, 
2) 
/ Wo 
(5.1) 
2(Zc,, - 
Zc, 
2) 
/ Wc + VHJ ZH, 
2) / 2WH (Z,, l - Zo, 2) / Wo 
where subscripts I and 2 denote fuel and air streams and W represents the molecular 
weight. This formulation preserves the stoichiometric value of the mixture fraction, 
independent of the effects of differential molecular diffusion. This definition of 
mixture fraction has been widely adopted (Dally, 1998a; Pitsch and Peters, 1998; 
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Hossain, 1999; Barlow et al., 2000; Liu et al., 2005) and is employed in present study 
as well. 
5.1.1 Models for system chemistry 
The models used to establish relationship between chemical state and mixture fraction 
are based on the general assumption of 'fast' chemistry, the condition that chemical 
kinetics are infinitely fast in comparison to other processes in the flow. Simplest of 
the models is the Flame Sheet (also known as Burke-Schumann limit) model wherein 
chemistry is described by a single step irreversible reaction and the reactive scalar 
variables are determined directly from the given reaction stoichiometry, with no 
reaction rate or chemical equilibrium information required. The Flame Sheet model 
requires minimal calculation effort but is limited to the prediction of only major 
species of the single step reaction. It provides no information on intermediate species 
or dissociation effects thereby often resulting in an overprediction in flame 
temperatures. Equilibrium chemistry model as the name indicates, assumes that the 
chemistry is fast enough for the chemical equilibrium to always exist at molecular 
level. The reactive scalar variables are expressed as a function of mixture fraction 
using the minimization of Gibbs free energy. This model offers the advantage of 
predicting intermediate species even without the knowledge of detailed chemical 
kinetic rate data. In each of these models, the reactive scalar variables are expressed 
only as function of mixture fraction: 
0=0 (Z), 0=p, T, Y, (5.2) 
In turbulent reacting flows, the instantaneous relationship between the mixture 
fraction and the reactive scalars is non-linear due to fluctuations. Hence the mean 
scalar variables cannot be obtained by the above relations by simple substitution of a 
mean mixture fraction 2 instead of Z. To overcome this problem, a presumed shape 
probability density function P(Z) is introduced and the mean reactive scalar variables 
in the turbulent field are obtained from: 
i=ý0 (Z) P (Z) dZ (5.3) 
The Flame Sheet and Equilibrium chemistry models are limited to first cut estimations 
or situations where chemical kinetics do not play significant role. However, they 
provide basis for the development of more capable models which can account for the 
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effect of turbulence on chemistry, ignition and extinction phenomena which occur, for 
example, in the region upstream of a lifted flame. 
5.2 Steady laminar flamelet model 
This model is considered (Peters, 1984) as a non-equilibrium version of the classical 
Burke-Schumann limit. The steady laminar flamelet model (SLFM) approaches this 
limit asymptotically in the limit of one-step irreversible reaction with a large 
Damk6hler number (kolmogorov time scale to chemical time scale). The SUM is 
similar to the models discussed before in that it relies on a single scalar transport 
equation for the mixture fraction and employs chemical state relationships to relate 
the reactive scalar variables to the mixture fraction. However, the critical difference is 
that the equilibrium chemical states which are solely obtained from thermochernistry 
are replaced in SUM by solutions of one-dimensional, steady, diffusion-reaction 
equations termed as the flamelet equations. These solutions represent laminar 
diffusion flamelets. 
The SUM is based on the concept that a turbulent diffusion flame can be treated as 
an ensemble of locally one-dimensional laminar diffusion flamelets. Presence of 
laminar flamelets in turbulent flame requires that the chemical time scales and length 
scales are smaller than those of turbulence. Bray and Peters (1994) presented the 
limits of flamelet regime in turbulent non-premixed combustion. According to them, 
flamelet regime in non-premixed combustion is observed when the Damk6hler 
number is greater than unity and the flame thickness, based on mixture fraction 
coordinate, is lesser than mixture fraction variance. Flamelets in turbulent flow are 
subjected to aero-dynamic strain resulting in departure from chemical equilibrium. In 
order to account for the effect of turbulence on flamelets, scalar dissipation rate X 
which is representative of turbulent mixing is introduced as an additional parameter. 
Hence in SUM, the thermo-chemical structure of the flame is a function of mixture 
fraction and its dissipation rate. 
Turbulent mean reactive scalar variables can be computed by integrating the laminar 
flamelets with the joint PDF of mixture fraction and scalar dissipation rate. The 
laminar flamelet concept thus, eliminates the need to resolve small chemical time and 
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length scales in turbulent flow calculations making the numerical effort quite 
economic. Furthermore, it allows for detailed chemical kinetics since the flamelet 
calculations are decoupled from the turbulent flow calculations. 
5.2.1 Flarnelet equations 
The flamelet equations have been derived by Peters (1984) for describing the reactive- 
diffusive structure in the vicinity of flame surface as a function of mixture fraction. 
The derivation is based on two steps. In the first step, a co-ordinate transformation, 
applied at the flame surface is introduced. This is illustrated in Fig. 5.1 for a two feed 
turbulent jet diffusion flame. 
Air 
Z=O 
I Mul fz 
Air 
z=u 
Z(X, t)=Z, t 
Z3 
Z=X, 
Surface of 
Z2 '2X2 
Figure 5.1: Surface of stoichiometric mixture in a turbulent jet diffusion flame 
The field equation for the mixture fraction that determines the location of the flame 
surface is given (under the assumption of equal diffusivity and unity Lewis number) 
by: 
a (pz) +a (pu, Z) =a pD (5.4) at &k ak Ö"x 
11 
Solution of balance equation for mixture fraction provides knowledge about its 
distribution as a function of space (x) and time (t) and henceforth the flame surface 
defined as the surface of stoichiometric mixture fraction can be obtained by setting: 
Z (X, t) = Z.  
(5.5) 
Combustion essentially takes place in the vicinity of this surface and this thin layer 
with the surrounding inert mixing region is termed as laminar diffusion flamelet. An 
orthogonal coordinate system is attached to this stoichiometric surface (Fig. 5.1) such 
that Z is normal to the surface while the two tangential coordinates lie within the 
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surface. Coordinate transformation (XI, X25 X39 0 to V) Z2P Z3,, r) is then implemented in 
the instantaneous balance equations for species and temperature. The coordinate x, 
which is defined as being locally normal to the flame surface is replaced by a new 
independent variable Z, whereas the tangential coordinates x2 and X3 are the same as 
the new coordinates Z2 and Z3, respectively. 
In the second step, simplifications to the equations are made by considering the 
derivates of the reactive scalars in the tangential directions to be negligible in 
comparison to those in the normal or Z direction. This is based on the classical 
boundary layer argument for thin layers. Since the temperature, for instance, is nearly 
constant along the flame surface, Z(xt)=Z, t, gradients along the surface are expected 
to be small compared to those normal to it. Similar argument is put forward for the 
chemical species concentrations as well. For unity Lewis number, the flamelet 
equations are then expressed as: 
p 
az2 at 2( 
UX( a2 T)_ X (aT aCp 
p 
at 2 ýTZF) p 2CP aZ aZ 
(5.6) 
NpX Cp, LYj OT 
+iN hCoj + 
Qrad 
=0 F, A---Y, - 
j-, 2CP(aZaZ) Cp I., CP 
where p is the density, T is the temperature, Cp is the specific heat at constant 
pressure, d) is the reaction rate, h is the enthalpy, Qrad is the radiative source per unit 
volume, and the subscript i refers to the th chemical species. The symbol X represents 
the instantaneous scalar dissipation rate and it is defined as: 
X=2D (5.7) 
The scalar dissipation rate plays an important role in flamelet models for non- 
premixed combustion. It can be interpreted as an inverse diffusion time scale and it 
represents the influence of flow field on local flame structure. It incorporates 
implicitly the influence of convection and diffusion normal to the surface of 
stoichiometric mixture. In order to solve the above equations, the functional 
dependence of scalar dissipation rate on mixture fraction is modelled according to 
Peters (1984) by considering laminar counter flow diffusion flame configuration. 
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X=a expl-2[erfc-1 (2Z)]'l (5.8) 
7c 
where a is the velocity gradient at the stagnation point of a counter flow diffusion 
flame and erfc-1 is the inverse of the complementary error function. In consistence 
with the flamelet concept, this functional dependence is parameterized by the scalar 
dissipation rate at stoichiometric mixture fraction X.,, =X (Z.,, ). 
In steady flamelet modelling, a quasi-steady burning is assumed and hence time 
derivatives are neglected in the flamelet equations. However, they play important role 
(Mauss et al., 1990) during rapid transitions between fully burning and extinguished 
states which occur during extinction and re-ignition and are retained in case of 
unsteady flamelet modelling. 
In the present study, flamelet calculations have been carried out in the mixture 
fraction space using the FlameMaster code of Pitsch (1998). 
5.2.2 Statistics of mixture fraction and scalar dissipation 
rate 
Solutions of flamelet equations provide the thermo-chemical structure of a flame as a 
function of mixture fraction and scalar dissipation rate. In principle, both the mixture 
fraction and the scalar dissipation rate are fluctuating quantities and their statistical 
distribution needs to be considered for evaluation of statistical moments of the 
reactive scalars in the turbulent flow. Provided the joint Favre PDF fi(Z, X,, )is 
known and the steady flamelet equations are solved to obtain reactive scalars 0 as a 
function of Z and X.,, , the Favre averaged values of 0 can be obtained from: 
1 Co f f0 (Z; xýJ P (Z, x; x, t) dX. dZ 
(5.9) 
00 
In the present study, the joint PDF is modelled by assuming statistical independence 
between Z and X.,, and presuming the shape of their marginal PDFs: 
P (Z, Z, ) =P (Z), ü (X, ) (5.10) 
The most widely used shape for the marginal PDF of mixture fraction P (Z) is the 
function distribution (Peters, 1984; Bray and Peters, 1994). It has the advantage that 
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its parameters can be related algebraically to the first two moments of mixture fraction 
which are obtained as part of the solution in CFD. The PDF for mixture fraction is 
given by: 
P (Z) 
Z, -, (1 _ Z)b-1 
= 
I"(a+b)Z a-1 (1 - Z) 
b-i 
(5.11) 
1 za-1 (1 _ Z)b-1 r (a) F (b) 
where the coefficients a and b are given by: 
a=2 zN2 (5.12) 
2(1-2) 
b =(1-2) - (5.13) zN2 
The mean mixture fraction 2 and its variance Z" are obtained from their respective 
transport equations 
a W) + 'a- (PUk 2)= a 
[A a2] 
at &k &k SCIt &k 
(pjý-2)+ a (PUk j; r2 U, 
+2A 
aF 
2_ 
; Tx, 
sc 0' at &k &k SC; Z, &k ýXk 
Where the turbulent Schmidt numbers for both mixture fraction and its variance take 
the value of 0.9 in the present RANS work. The mean scalar dissipation rate j is 
obtained by relating it to the mean scalar fluctuations 
F' 
and the mean turbulent time 
scaleLlk (Jones, 1982). 
where C. = 2.0 (5.16) 
The marginal PDF for scalar dissipation rate is assumed to follow a log-normal 
distribution. The presumption of log-normal distribution for scalar dissipation rate has 
been has been experimentally found valid by Effelsberg and Peters (1988). 
15 (X) =1 exp 
1, (In X.  _ p)2 X., crV-27r 
1- 1 
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where the parameters p and a are related to the first and second moments of X by 
0.2 
exp ju + 2) 
(5.18) 
j; 2' 
= i2 eXp 
(0.2 
_ 1) 
Therefore, P (X.,, ) can be evaluated from the knowledge of j and a. For the present 
study a value of a =2.0 has been chosen after experimental results by Sreenivasan et 
al. (1977). 
5.2.3 Flarnelet quenching 
The scalar dissipation rate is used to describe local extinction according to the 
flamelet concept. As the scalar dissipation rate is increased, the stretch on the flamelet 
is increased and at a particular limit the heat loss from the reaction zone balances the 
heat generation from chemical reaction. This is the quenching limit, Xq and is 
obtained from the flamelet calculations. Beyond this limit, the flamelet extinguishes. 
The fraction of burnable flamelets in the turbulent flame may then be calculated as 
probability of X< Xq: 
Pb =I+I erf 
In y,, /ý +I/ 2a' 
22 -ýf 2-a 
The value of Pb lies between zero and unity depending on the extent of non- 
equilibrium in the turbulent flame. For a zero mean scalar dissipation rate 
corresponding to equilibrium condition Pb is unity. As the scalar dissipation rate 
increases the chemistry shifts away from equilibrium, probability of occurrence of 
flamelets decreases and Pb becomes less than unity. Flamelet after quenching is 
assumed to follow pure mixing state. 
As the extinction process from fully burnt to pure mixing is very rapid, it is assumed 
that a turbulent flame is composed of an ensemble of fully burning flamelets and 
completely extinguished flamelets. Such a method of accounting for local extinction 
is reasonable if there is sufficient residence time for the flame to approach the steady 
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state, being either a fully burning state or pure mixing state (Ferreira, 1996). However 
in turbulent flows with rapid changes in scalar dissipation rate, the steady state flame 
structure approximation is shown to be incapable of handling local extinction 
(Ferreira, 1996; Hossain, 1999) and a transient modelling has been recommended. 
(Haworth et al., 1988a; Mauss et al., 1990; Ferreira, 1996). 
5.2.4 Application of SLFM to LES 
The formulation for SUM discussed thus far in the context of RANS is equally valid 
for LES. However, in LES, the integrated values of the scalars represent Favre filtered 
values and the PDF for mixture fraction and scalar dissipation rate are Favre filtered 
PDFs. Similar to the mean mixture fraction equation in RANS, a transport equation 
(Eq. 4.58) for filtered mixture fraction is solved in LES. However, the subgrid 
variance is modelled in LES. Such an approach has been established for LES after 
significant testing carried out by several works in the past (Cook and Riley, 1994; 
Branlcy and Jones, 2001; Pierce and Moin, 1998). Cook and Riley (1994) suggested 
the following model based on a scale similarity hypothesis. 
22 Z zjr2 C 
(-- 
(5.20) 
The hat in the above equation indicates the test filtering operator in dynamic 
procedure. The value of the constant C. = 1.0 has been found to be a reasonable 
assumption. The hypothesis behind scale similarity is that the largest unresolved 
scales have a structure similar to the smallest resolved scalars. The above model has 
been used in the present LES computations. 
In RANS, the mean scalar dissipation rate is obtained from the knowledge of mean 
turbulent kinetic energy and dissipation rate which are obtained from the solution of 
their respective transport equations. However, in LES, a different approach is adopted. 
Cook and Riley (1998) suggested that filtered scalar dissipation rate can be derived 
using the effective viscosity and filtered mixture fraction gradient. The model 
equation is given as: 
j=2 v+V, )( a2 a2 (5.21) 
( 
SC SCT &k &k 
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The effective viscosity is obtained from the localized dynamic procedure while the 
laminar and turbulent Schmidt numbers take the values of 0.7 and 0.4 respectively. 
Current LES calculations adopt the above model for filtered scalar dissipation rate 
calculations. Since a look-up-table strategy is employed, all the PDF integrations for 
filtered scalars are carried out in pre-processing stage in Pre-PDF SUM (discussed in 
section 7.1.3) and read into the LES calculations. From the knowledge of filtered, 
mixture fraction, its subgrid variance and filtered scalar dissipation rate, 3D 
interpolation (Appendix I) is performed to obtain the filtered values of the reactive 
scalars and hence the filtered distribution of the flame. 
5.2.5 Limitations of steady larninar flamelet model 
In addition to the inability of SUM to handle local extinction, the predictive 
capability of the model with respect to NO,, and radiation is as well of equal concern. 
The assumption of considering steady-state solutions of the flamelet equations has 
been advocated by Peters (1984) with the view that away from extinction, the changes 
in scalar dissipation rate are slow enough for the flamelet structure to be considered as 
in steady state. However, this assumption becomes invalid for the slow chemistry of 
NO,, and the slow physical phenomena of radiation. Pitsch et al. (1998) have shown 
that considering the radiation heat loss through the source term in the steady flamelet 
equations results in large discrepancies in the reactive scalars. Considering solutions 
of unsteady flamelet equations and therefore resorting to a transient flamelet 
modelling has been advocated by them to resolve the issues with both radiation and 
NO, However, from a practical application perspective, employing a transient 
flamelet modelling is significantly expensive than the steady flamelet modelling 
especially when CFD calculations are coupled with flamelet calculations. 
Hence in the present work, attempts have been made to extend the steady flamelet 
model to a RANS based non-adiabatic formulation which while using steady 
flamelets, is able to consider the effect of radiation heat loss and when integrated with 
steady or unsteady flamelets based NO submodels, is able to account for the slow 
chemistry of NO. 
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5.3 Non adiabatic flamelet model 
The flamelet model allows for specification of radiation heat loss in the. flamelet 
equations through a radiation source term. The assumption here is that radiation is 
effective essentially as a thin gas radiative emission to the surroundings only within 
the thin region of high temperature. However, radiative heat exchanges in realistic 
combustion systems involve emission and absorption taking place over much larger 
length scales. Present non-adiabatic model attempts to account for the effect of global 
radiation heat loss on flamelet structure through an 'enthalpy defect' concept 
proposed by Bray and Peters (1994). Enthalpy defect ý is defined as the difference 
between the actual enthalpy L and adiabatic enthalpy h,, dwhich can be directly 
related to the mean mixture fraction: 
(5.22) 
Where h2 and h, are enthalpy of the fuel and air streams. The enthalpy defect thus, 
provides a measure of the local non-adiabatic conditions in the turbulent flame. By 
imposing enthalpy defect as an additional parameter on to the flamelet, coupling 
between the non-adiabatic conditions in the turbulent flame and the thermo-chemical 
structure of the flamelet are achieved. The method of imposing enthalpy defect on the 
flamelet has been discussed in detail in Chapter 7, section 7.1.2. 
Since the effect of radiation on flamelet structure is not handled through a source 
term, steady flamelet equations can be used to obtain the thermo-chemical structure of 
the flame. Any scalar variable (0) in the non-adiabatic flamelet model is a function 
three parameters, the mixture fraction Z, stoichiometric scalar dissipation rate X,, and 
additionally the enthalpy defect ý. 
0=0 (Z; x,; ý) (5.23) 
Turbulent mean value of a scalar 0 can then be obtained by integrating the 
instantaneous values with joint PDF of the three parameters Z, X,, and ý. 
1 004. - j=fff0 (Z; 7..; ý) P (Z, x, ý; x, t) dg dXdZ (5.24) 
00ý. '. 
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Following a strategy similar to that used for adiabatic version of the steady flamelet 
model, statistical independence between the three parameters has been assumed and a 
presumed PDF approach has been adopted. The PDF for mixture fraction is assumed 
to follow P function distribution, PDF for scalar dissipation rate assumed to follow 
log-normal distribution and a8 function has been assumed for enthalpy defect. 
Assumption of 8 function gains support from the argument (Bray and Peters 1994) 
that the fluctuations of enthalpy are mainly due to mixture fraction fluctuations and 
hence are accounted by the latter. Upon imposing the simplifications, the integration 
for mean value of the scalars is given by: 
Co 1 
j=f fo (Z; Z. ; ý), 
ý (Z), Ü (X. 
) 5 
(ý 
- &) dZdXst (5.25) 
00 
This non-adiabatic version of SUM has been referred as NADM (non-adiabatic 
model with multiple scalar dissipation rates) in the present thesis. In this model, the 
variation in non-adiabatic structure with respect to scalar dissipation rate is considered 
for each enthalpy defect. Thus, the effort of generating flamelets in SUM is 
multiplied by the number of enthalpy defects. In order to simplify the pre-processing 
effort, Hossain el al. (2001) who previously contributed to the development of this 
model considered only a single flamelet per enthalpy defect. Such a simplification 
drastically reduces the flamelet generation effort as well as pre-integration effort since 
Eq (5.25) will be reduced to: 
1 
j= f0 (Z; g) P(Z) 5 (ý - 
&) dZ (5.26) 
This simplified non-adiabatic model with single flamelet or scalar dissipation rate per 
enthalpy defect is referred as NADS in the current thesis. In the present work, 
simulations have been carried out with both the models to verify the impact of 
omitting the effects of scalar dissipation rate on the predictions especially the 
pollutant NO which was not studied by Hossain et al. (200 1). 
With both the non-adiabatic models, enthalpy is no longer a conserved scalar and a 
transport equation for the mean enthalpy has to be solved in addition to the mean 
mixture fraction and its variance equations. 
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The balance equation for mean enthalpy follows: 
(Tký) 
": - 
0 
-E , 
Oý )+ 
(5.27) 
I (fiý)+ 
at &k 0 Prh 'Xk &k 
Where the turbulent Prandtl number Pr, takes a value of 0.9. The radiative source 
tenn Q,. d requires elaborate calculations in the CFD and it has been obtained from the 
Discrete Transfer Method (DTRM) of Lockwood and Shah (198 1). 
Discrete Transfer Method 
In this method representative rays are fired from the domain boundaries. For each 
boundary element, a radiating hemisphere is divided into finite number of solid angles 
and the intensity through a particular solid angle is represented by a single ray which 
is infact the main assumption of the model. The direction of each ray is specified in 
terms of the zenith (theta) and azimuthal (phi) angles. In the current work each 
quadrant is divided into 64 parts in theta and 64 parts in phi directions thereby giving 
64 x 64 rays in one quadrant. The radiative transfer equation or the recurrence 
equation is solved along each ray and this tracks the change in radiation intensity 
along the path of the ray from one boundary element to the other. In the present model 
the surfaces are assumed to be diffuse and gray. i. e, the emissivities are independent 
of direction and wavelength respectively. 
The recurrence equation is employed successively from boundary to boundary and the 
net radiation heat flux from each boundary element is calculated. The sum of the 
intensity changes of all the rays that traverse a control volume in the domain provides 
the radiation source term which goes into the mean enthalpy equation (Eq. 5.27). In 
solving the recurrence equation, the total intensity at the beginning of the path for a 
ray in a particular clement is required. This is a sum of reflected part of incoming 
intensity and directly emitted intensity. In the current work, the directly emitted 
intensity is calculated from the knowledge of wall temperature and wall emissivity 
(set as 0.8). The incoming intensity is a summation of the incident intensities for all 
rays. This is not known prior to radiation calculations and hence the solution process 
is iterative. In the current work, the value is initialised by calculating incident 
radiation from near wall gas temperature. 
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The DTRM handles radiation in participating media. In the present model, only C02 
and water vapour H20 have been considered as the participating gases, which absorb 
and emit radiation depending on local mixture temperatures. The emissivities of the 
gases are calculated using the weighted sum of gray gases model (WSGGM). 
5.4 Flamelet based NO sub models 
Oxides of Nitrogen (NO. ) are chemical components which are present in low 
concentrations in turbulent non-premixed flames and are considered to be trace 
species in comparison to other major products of combustion. Trace species which 
maintain chemical equilibrium pose no special issues in that their instantaneous 
concentrations can be directly parameterized by mixture fraction, scalar dissipation 
rate and enthalpy defect (in non-adiabatic model). However, the slow and kinetically 
controlled chemistry of NO results in concentrations which are almost always away 
from equilibrium and adopting the classical steady flamelet approach results in 
significant overprediction in the concentrations. Hence, separate treatment has been 
adopted through NO sub-models. The sub-models that have been implemented in the 
in-house RANS code are classified into: 
(a) Steady flamelets (adiabatic and non-adiabatic) based NO submodels 
(b) Unsteady flarnelets (adiabatic and non-adiabatic) based NO submodels 
The low concentration of NO means that its influence on the mixing field, 
temperature and major species is negligible and hence it could be post-processed with 
RANS calculations. Thus, in the present study, CFD calculations of turbulent flow 
and mixing field are performed until convergence and subsequently the mean NO is 
post-processed by invoking an appropriate submodel. A noteworthy point here is that, 
even the unsteady flamelets based NO calculation uses the turbulent flow and mixing 
field obtained from steady flamelets. Such an approach is computationally efficient 
and of great practical interest. It avoids the need for expensive interactive flamelet 
modelling wherein unsteady flamelet equations are solved during the turbulent flow 
and mixing field calculations. The validity of this approach has been demonstrated by 
Pitsch et al. (2000) who showed that heat release and major species concentration 
predictions are unaffected by transient effects. 
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The different NO,, submodels that have been employed with adiabatic and non- 
adiabatic flamelet modelling in the current work are shown in Table 5.1 and the 
submodels are discussed in the subsections to follow. 
Adiabatic flamelet Non-adiabatic flamelet 
modelling (SLFM) with modelling (NADM & NADS) 
RANS with RANS 
Flow, mixing 
field, Temp & Steady adiabatic flamelets Steady non-adiabatic flamelets 
Major Species 
Steady Unsteady Steady non- Unsteady non- 
adiabatic adiabatic adiabatic adiabatic 
NO submodel submodel submodel submodel 
(Post-processing) Steady Unsteady Steady Unsteady 
adiabatic adiabatic non-adiabatic non-adiabatic 
flamelets flamelets flamelets flamelets 
Table 5.1: RANS based NO sub-models for SUM and non-adiabatic flamelet 
modelling. 
5.4.1 Steady adiabatic NO submodel 
This submodel (referred by SLFM-NO-TRE) is used in conjunction with SUM to 
model NO. It follows a simple technique of addressing the slow and kinetically 
controlled chemistry of NO, In the post-processing phase, the mean NO mass 
fraction is calculated from the solution of its steady transport equation (Eq. 5.28) 
which contains the mean NO production rate as a source term. This model requires as 
input, the converged solution of turbulent flow and mixing fiel4s from steady flamelet 
modelling. 
W 
UNO 
P . 
)+-L(P5JNO)"-': - 
pt 
+ P(ONO (5.28) at axk 0 SCNO 0) 'Xk 'Xk 
Where the turbulent Schmidt number Sc,,, has been considered to be 0.7. 
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Consistent with the approach adopted for mean temperature and major species, the 
closure of the mean chemical source term is achieved by presumed PDF approach. 
The PDF for mixture fraction is assumed to follow 0 function while the PDF for 
scalar dissipation rate follows log-normal distribution. 
Go 
COMO =f 
f6)NO (Z; X,, ), 5 (Z), P (X,, ) dZdX.,, (5.29) 
00 
Where 6)NO the instantaneous production is rate of NO and is obtained from the 
solution of steady adiabatic flamelet equations. 
5.4.2 Steady non-adiabatic NO submodel 
Two versions of this submodel (referred by NADM-NO-TRE and NADS-NO-TRE) 
have been employed in the present study and both follow exactly the same strategy as 
the steady adiabatic NO., submodel except that they work within the framework of 
non-adiabatic flamelet modelling. The turbulent flow and mixing field necessary for 
post-processing are obtained from the steady non-adiabatic flamelet model which uses 
enthalpy defect imposed non-adiabatic flamelets. The transport equation for mean 
mass fraction of NO is same as in the Eq (5.28). However, the mean source term is 
now derived from an instantaneous source term which is obtained from enthalpy 
defect imposed non-adiabatic flamelets. For the NADM-NO-TRE submodel which is 
used in conjunction with the NADM model for non-adiabatic turbulent flame 
calculations, the mean source term is evaluated as: 
eo Nc, 
(Z; xý; ý) P (Z) -ý)dZdxst (5.30) 
00 
For NADS-NO-TRE submodel which is used in conjunction with NADS model, the 
scalar structure is independent of the variations in scalar dissipation rate and hence the 
required integration for the mean source term is given by: 
como : -- f(ho (Z; 9), P (Z) 8 (ý - ý) dZ 
Here again, the PDF for mixture fraction is assumed to follow P function while the 
PDF for scalar dissipation rate follows log-normal distribution. The PDF for enthalpy 
defect is assumed to follow a5 function. 
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5.4.3 Unsteady adiabatic NO submodel 
The unsteady modelling follows a radically different approach to the steady 
submodels. The Lagrangian flamelet model (LFM) of Pitsch et al. (1998) and the 
Eulerian particle flamelet model (EPFM) of Barths et al. (1998a) are the popular 
approaches to unsteady modelling. While LFM is restricted to parabolic flows, EPFM 
is a more sophisticated approach and is applicable to both parabolic and elliptical 
flows. In the present study both the parabolic jet flames and elliptic bluff-body 
stabilized flames have been investigated and hence EPFM has been implemented as 
the standard unsteady NO submodel. This submodel as with the steady submodels is 
invoked in the post-processing stage. However, the post-processing calculations are 
more involved since time varying calculations have to be performed at both CFD and 
flamelet levels. 
EPFM is motivated by the theoretical and experimental evidence that flamelet 
structure cannot respond instantaneously to changes in scalar dissipation rate. To 
account for these transient effects present in globally steady flames, it is necessary 
that unsteady terms in the flamelet equations are retained and the transient evolution 
of scalar dissipation rate is accounted. Hence, in EPFM, marker particles which 
represent flamelets are introduced into the turbulent flow field and transported 
. throughout the domain. These particles follow the paths along which the scalar 
dissipation rate is changing and thus they can be viewed as carrying the unsteady 
flamelets. The spatial distribution of a particle of type n can be obtained from an 
Eulerian unsteady passive scalar transport equation for the mean number of particles 
per unit volume !,, at a particular position in space (Barths et al., 1998a). 
aa 
+- (ý5" 1" )= - 
( 
P, ai. (5.32) 
at aXk aXk ý SCI. &k 
The number of particles I (x, t) per unit volume represents the probability of finding a 
marker particle at a particular location x and time t. This is set equal to unity at t =0 
within an initialization region and zero outside the region. The initialization region is 
close to the fuel inlet and is defined as Z>Z, t. This definition ensures that the 
particles are initialized in a fuel rich region where the temperature is low enough for 
NO formation to be negligible. If only one particle is considered, the initial 
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probability 1, is set to unity in the initialization region and zero outside the region. If 
more than one particle and hence more than one flamelet history is considered, the 
initialization region remains unchanged but it is divided into number of sub-regions 
corresponding to the different types of marker particles and each sub-region is 
attached to one particle. The initial probability of finding a marker particle is then 
equal to unity in its own sub-region and zero elsewhere. The time dependent CFD 
calculations are run long enough to allow for all the particles to exit from the domain. 
From the solution of the time dependent calculations, distribution of 1" within the 
domain can be stored as a function of flow time. For a type n marker particle, a 
domain averaged scalar dissipation rate conditioned on stoichiometric mixture 
fraction can then be calculated for each time step as: 
fl.; 5 i, 3/2 (Z.,, ) dV' 
v -- (5.33) ist'n fln; 5 ist 1/ 2 (Zst )dV' 
v 
Where V denotes the volume of the computational domain. The average conditional 
scalar dissipation rate j,, is related to the unconditional scalar dissipation rate j by: 
ist =- 7- 
if (Z. 
1t) - (5.34) 
ff (Z), P (Z) dZ 
This has been derived from the functional dependence of scalar dissipation rate and on 
mixture fraction presented previously in Eq 5.8: 
X=a exp 
ý-2 [erfc-'(2Z)]21 
=. 
af (Z) 
7c 7c 
.,. X/X, =f (Z)1f (Z. 0) 
(5.35) 
For turbulent flows, the functionf (Z) can be integrated with a presumed PDF for Z in 
the form of P function distribution thereby leading to Eq. 5.33. 
Thus, for a marker particle of type n, by computing j,,, for each time interval and for 
the entire length of the flow time, transient evolution of scalar dissipation rate is 
obtained. Unsteady flamelet equations are then solved for each time interval by setting 
j.,, equal to X in Eq. 5.6. Solutions of the unsteady flamelet equations provide the 
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flamelet history or the transient evolution of thermo-chemical structure. Calculations 
of the unsteady flamelet equations require initial solution. In the present study, 
solution of the steady flamelet equations for j,,, at t =0 is prescribed as the initial 
solution after resetting all the mass fractions of species associated with the NO 
reaction mechanism to zero. 
Upon obtaining the solutions of unsteady flamelet equations for every type of marker 
particles, the mean NO mass fractions at every spatial location in the computational 
domain can be computed from: 
t 
(t t') dt' 
No 
n (5.36) 
fin (t') dt 
0 
Where Pj, (Zl') is the Favre averaged NO mass fraction at location i and time V 
and is calculated through integration of the unsteady flamelet solution weighted by the 
PDF of mixture fraction. 
1 
Na. (ý, t') = fYNO, (ý, t)P (Z) dZ (5.37) 
0 
Present study uses only a single marker particle and hence CFD calculations involve 
solving for a single time dependent passive scalar transport equation and the flamelet 
calculations involve solving for a single flamelet history. The current unsteady 
adiabatic NO submodel is referred by SLFM-EPFM. 
5.4.4 Unsteady non-adiabatic NO submodel 
The unsteady non-adiabatic submodel (NADM-EPFM) is in most respects similar to 
the EPFM model discussed in the previous section and follows the same mathematical 
procedure. However, there are a few but key differences. The converged turbulent 
flow and mixing field required for time dependent passive scalar calculations is 
obtained from the solution of non-adiabatic flamelet model with steady enthalpy 
defect imposed non-adiabatic flamelets. 
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While the procedure for generating steady non-adiabatic flamelets with enthalpy 
defect imposed as additional parameter is well in place, it is not so with generating 
unsteady non-adiabatic flarnelets. 
Enthalpy defect varies spatially and even with a high degree of automation, it is 
extremely tedious and time consuming to generate transient flamelets for the 
multitude of enthalpy defects encountered in the domain. One could contemplate on 
leveraging the procedure of domain averaging of scalar dissipation rate to enthalpy 
defect. However, it is still ambiguous as to whether or not such an averaging is 
justifiable. Hence, in the present study, the transient evolution of flamelet structure is 
calculated by solving the unsteady flamelet equations with radiation heat loss 
incorporated through a radiation source term instead of enthalpy defect. While this 
approach, as discussed before, is not advisable for steady flamelets, it could be well 
utilized for unsteady flamelets. An accurate yet feasible procedure for enthalpy defect 
imposed transient flamelet calculations is still an'open problem and future works 
should try addressing it. 
5.5 Flamelet/progress variable approach 
The Flamelet/Progress Variable (FPV) Approach has been developed specifically for 
LES by Pierce (2001) and Pierce and Moin (2004). In the present work, the FPV 
approach has been implemented in both the in-house LES and RANS codes. 
5.5.1 Motivation for FPV 
The FPV approach derives motivation from some of the fundamental problems with 
the steady flamelet model for non-premixed combustion (SLFM). As previously 
mentioned, one of limitations of the steady flamelet model is its inability to account 
for local extinction and re-ignition phenomena. Causes other than the assumption of 
steady state structure can be understood by studying the Fig. 5.2 where the complete 
locus of solutions of steady flamelet equations is shown. The shape of the curve, 
which is often referred to as "S-shaped curve" ( mirrored "S" in Fig. 5.2) in 
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combustion literature is determined primarily by the chemical kinetics. With 
Arrhemus kinetics, there are typically three solution branches: 
1. stable burning branch 
2. unstable branch of partially extinguished states. and 
3. the completely extinguished states 
2400 
Direction of decreasing stoich. temperature of a 
flamelet with increasing stretch 
2200 
Stable branch: 
Fully buming flamelets 
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CL 
E 
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0 
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critical point - 
or flamelet 
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Unstable branch: Partially 
extinguished flame states Ice 
(Provide smooth transition to 
extinction and considered only by 
FPV approach based models)(,, 0 Discountinous jump to extinction . Cr in case of SLFM 
. ICY, 
0,0 
ýf 
Fully extinguished flame states 
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; (st, Stoich. Scalar Dissipation Rate (1/s) 
Figure 5.2: Locus of Stoichiometric temperature for all the solutions of the steady 
flamelet equations. Generated for the Berkeley lifted flame (section 9.1) conditions: 
Fuel CH4-Air(25%-75%) at 323 K and Oxidizer (vitiated co-flow) at 1355 K. 
The point of maximum flame temperature at scalar dissipation rate equal to zero 
corresponds to the state of chemical equilibrium. An increase in the scalar dissipation 
rate corresponds to an increase in the mixing of the reactants. Thus., on the stable 
burning branch, the maximum flame temperature decreases with increase in the scalar 
dissipation rate due to the dilution of the product concentrations with the increased 
concentration of reactants. As the critical point or when the quenching limit is 
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reached, the flame temperature drops to a level where Arrhenius rate factors in the 
chemical kinetics begin to limit the reaction rates. A slight increase in the scalar 
dissipation rate from thereon will result in the complete extinction of the flamelet. 
However, there exists a distinct transition from fully burning to fully extinguished 
state identified by the unstable branch of partially extinguished states (dashed line). 
Along this branch, dissipation rate decreases with decreasing flame temperature to 
keep the mixing in balance with the lower reaction rates. On the lower branch of 
completely extinguished states, the effect of chemical kinetics is negligible and the 
chemical states are independent of dissipation rate. All the chemical states on the 
lower branch thus point to pure mixing of the reactants. 
In SUM, the stoichiometric scalar dissipation rate is used to uniquely parameterize 
the flame states. However, the S-curve clearly shows that multiple solutions can exist 
for certain values of the scalar dissipation rate. Hence, a unique parameterization of 
the flame states based on scalar dissipation rate cannot take into account all the flame 
states along the S-curve. Thus, typically, in SUM only the flame states along the 
stable burning branch and extinguished states are considered and the unstable partially 
extinguished flame states are ignored. This is illustrated by the discontinuous jump 
(dotted line) in Fig. 5.2. On the other hand, the unstable branch has been shown by 
Pierce (2001) to be important both physically and from modelling point of view since 
it demarcates the border between ignition and extinction of the flame. Absence of 
information regarding the unstable partially extinguished states thus makes the steady 
flamelet model incomplete and inadequate to handle ignition and extinction. 
The Flamelet/progress variable approach addresses this concern through the 
replacement of scalar dissipation rate by a flamelet parameter which is based on 
reaction progress variable. Introduction of reaction progress variable offers an 
additional advantage in that the model's applicability can be extended from purely 
non-premixed to partially premixed combustion. The conserved scalar mixture 
fraction by itself does not contain any intrinsic information about the chemical 
reactions and the addition of progress variable which is a non-conserved scalar results 
in a more comprehensive formulation. 
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5.5.2 FPV formulation 
The FPV approach starts with the introduction of a reactive scalar based flamelet 
parameter 7, which replaces the scalar dissipation rate. The definition of flamelet 
parameter is dictated by the criterion that the flamelet parameter should uniquely 
parameterize all the steady flamelet solutions along the S-curve including the unstable 
partially extinguished states. In the work of Pitsch and Ihme (2005) the flamelet 
parameter has been defined as the reaction progress variable C at Z=Zt where C has 
been defined, following Pierce and Moin (2004), as the linear combination of product 
mass fractions viz. those Of C029 CO, H20 and H2. The QZ, t) was found to vary 
(decrease) monotonically from equilibrium to complete extinction and hence satisfied 
the flamelet parameter criterion. 
In the present study, the FPV has been implemented for CH4/Air partially premixed 
flame in vitiated co-flow. For this flame, the vitiated co-flow, which is also the 
oxidizer, has significant levels of H20 and H2. Hence, with a view to keep the 
progress variable definition simple and avoid any necessity for normalization, a linear 
combination of only C02 and CO mass fractions has been chosen for the present 
study. The progress variable is thus given by: 
C= YC02 + YCO (5.38) 
With this dcfinition of progress variable, variation of C(ZI) along all the flame states 
(Fig. 5.3a) has been analysed. It has been found that although the overall variation is 
monotonic, a careful observation of the region in the near proximity to equilibrium 
state shows the existence of saddle points (Fig. 5.3b). These saddle points prevent a 
unique parameterization and hence need to be removed from the solution space if 
C(Z, I) were to be used as flamelet parameter. However, this problem vanishes if the 
maximum value of progress variable Cmax is used as the definition of flamelet 
parameter. The variation of C,,,,,, as shown in Fig 5.3a&b is truly monotonic along the 
entire solution space. Hence, in the present study, the flamelet parameter% is defined 
by Cm,,, An example for a specific maximum progress variable is shown in Fig. 5.4. 
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Figure 5.3: Variation in parameterization of flamelets (a) along the entire solution 
space and (b) close to the equilibrium state with two different definitions of flamelet 
parameter. Generated for the Berkeley lifted flame (section 9.1) conditions. 
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Figure 5.4: Reaction progress variable distribution within a flamelet and the 
definition of flamelet parameter. Generated for the Berkeley lifted flame (Section 9.1) 
conditions. 
Any local combination of mixture fraction and progress variable corresponding to that 
flamelet is described by the flamelet parameter indicated in the Fig 5.4. This implies 
that the value of the flamelet parameter ;. is a given value for a given flamelet and 
therefore independent of the mixture fraction. This is of great advantage in turbulent 
reacting flows because it simplifies the modelling of joint PDF of Z and ),. The steady 
flamelet solutions can then be expressed in terms of the flamelet parameter as: 
0=0 (z, ý, ) 
Application to LES 
(5.39) 
Filtered values of the reactive scalars ý in large eddy simulation can be determined 
from: 
1 ý'111.11 
0 (Z, - (Z, k, x, t) dýdZ (5.40) 
0 ý- ll 
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Where P (Z,, %; x, t) is the Favre filtered joint PDF and the integration limits ý, i,, and 
ý, a,, correspond to the steady flamelet solution for lt--+O and y,, t--*oo, respectively. In 
the present study, a presumed PDF method has been adopted and the fact that X is 
independent of Z augurs well for the modelling as the joint filtered PDF can be 
expressed as the product of marginal Favre filtered PDF (FPDF) of Z and X: 
ý (Z%; (2, ) 
There is enough evidence which suggests that the PDF for a passive scalar such as 
mixture fraction can be reasonably approximated by aP function (Peters, 1984). 
However, it is well known that the PDF of a reactive scalar such as the flamelet 
parameter or reaction progress variable cannot be approximated by presumed 
distributions. Nevertheless, presumed PDF approach forms the starting point for the 
development of more complex formulations. 
A8 function has been assumed for the marginal FPDF of flamelet parameter in the 
works of Pierce and Moin (2004) and Pitsch and Ihme (2005). On the other hand, 
Ihme et al. (2005) in an a priori study with DNS data have shown that an FPDF based 
on 0 function distribution provides better prediction capability. Also, Bradley et 
al. (1990) achieved successful predictions in a turbulent lifted jet flame using aP 
function distribution for reaction progress variable in their mixedness-reactedness 
model. 
As will be shown in the sections to follow, the P function based FPDF significantly 
increases the complexity of the formulation and can lead to appreciable penalties in 
the computational cost of large eddy simulations. In the present study, both the 8 
function and P function based FPV formulations have been implemented in LES and 
the extent of scale up in accuracy of predictions with the rise in computational time 
has been investigated. 
FPV 6 function model 
In this model, the modelled form of joint FPDF is given by: 
, 
ý(Z, Ä; x, t)=ß 
(Z; 2, i7, ) 5 (2, - ý) (5,42) 
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Hence, the filtered scalar equation reads: 
ff0 (Z; (Z;, 2,8 (k - 
ý) d%dZ (5.43) 
0 A.,. 
The 6 function can be evaluated from the knowledge of filtered mixture fraction 
and its subgrid variance Z"' by following the definition presented in Eqs. 5.11-5.13. 
The filtered mixture fraction 2 is known from the solution of its transport equation 
(Eq. 4.58) while the filtered variance is modelled using Eq. 5.20. The ý represents 
the local flamelet parameter in the turbulent reacting flow. Since there is no direct 
method of determining filtered flamelet parameter in LES, its handling is less 
straightforward and the suggested approach of Pierce and Moin (2004) and Pitsch and 
Ihme (2005) is discussed here. 
In the FPV approach, an additional transport equation for filtered reaction progress 
variable (ý is solved in CFD with the filtered reaction source term 67)c calculated from 
the chemical states predicted by the steady flamelet equations. 
aa + (Tf (ý) ý P+ -ý Lt 
) a(ý 44) (5 + CO lk 
at aXk aXk SC SC, aXk . 
P 
, 
w, =ff äý (Z; 2, ) ß 
(Z; 2, i72) 8 (1 - 
ý) d1dZ (5.45) 
0 1., 
Where 6C is the laminar source term obtained from the solution of flamelet equations 
by summing the rate of production of the chemical species C02 and CO. The laminar 
and turbulent Schmidt numbers take values of 0.7 and 0.4 respectively. 
On the other hand, the solutions C=C (Z;, %) of the steady flamelet equations provide 
additional means of determining the filtered reaction progress variable: 
Ü. 
v =ff 
C(Z 
, 
; ý) ß 
(Z; 2) 22 
-ý)dWZ , fe 
)5(ý. (5.46) 
x.,. 
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Where the subscript 'sfe' is used to differentiate the filtered progress variable 
determined from steady flamelet equations to that obtained from the transport 
equation (Eq. 5.44). 
For the FPV approach to be consistent, it is necessary that Eqs 5.44 and 5.46 are 
consistent with each other Le: 
C= Cf, (5.47) 
The constraint equation (Eq. 5.47) eliminates the need for direct computation of the 
filtered flamelet parameter ý in LES. In principle, ý can be obtained by an iterative 
procedure by varying its value until the constraint is satisfied. In the present study, 
FPV is implemented in the numerical code through a look-up-table concept. The 
filtered scalars determined from Eq. 5.43 are first tabulated as a function of 
and i. The filtered scalars include the reaction progress variable Cf, as well. This 
table could then be used in LES. Within each computational cell in LES, ý would 
have to be computed from the constraint equation (Eq. 5.47) through an iterative 
procedure. 
However, for computational efficiency a different approach is followed in the present 
study. The look-up-table initially generated in ?, space is re-interpolated to progress 
variable space by replacing ý with 0. The re-interpolation process has been discussed 
in section 7.1.5. The re-interpolated look-up-table then provides the filtered scalars as 
- ý; -N2 - 
function of quantities which are readily available from LES (namely, Z 'ZN andC). 
and coc = (oc (5.48) 
FPV P function model 
The FPV 0 function model is an extension of the 5 function model. In this model, the 
modelled form of joint FPDF is given by: 
, 
ý(Z, x; (5.49) 
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And the filtered values of the scalars are determined from: 
1 JL- 
j=1f0 (Z; 2, ) ß (Z;, 2, F) ß (X; ý, i7) dWZ (5.50) 
The induction of second moment of flamelet parameter 
0 brings additional 
complexity to the FPV P function model. Evaluation of the filtered scalar now 
requires knowledge of not only the mean but also the variance of flamelet parameter. 
In the FPV 8 function model, it has been shown that a constraint equation can be 
derived by equating the flltered reaction progress variable (ý obtained from CFD to 
that obtained from the solutions of steady flamelet equations (ý, f,. An iterative 
procedure could then be used to obtain i and thus eliminate the need to model ý ifi 
CFD. In the present study, this approach has been extended to the variance of 
flamelet parameter 
0 
and the need to model 
0 in LES has been circumvented. 
With the FPV 0 function model, the filtered mean and variance of progress variable 
(ý and E;; ' are computed in CFD. The filtered mean progress variable (ý is obtained 
from the solution of transport equation (Eq. 5.44). Similarly, the sub-grid scale 
variance F' can be determined from the solution of its transport equation: 
++ jut 
aE; 
r2 
at &k &k 
( 
SC SC, aXk 
(5.51) 
P, aeý aeý +2 SCt &k aXk 
)- 
2j5Eý'bc' - j5j'c" 
In the above equation, the subgrid scalar fluxes have been modelled using the gradient 
diffusion hypothesis. The turbulent viscosity u, can be obtained from the 
Smagorinsky eddy viscosity model. On the right hand side of the equation, the second 
and last terms represent the production and dissipation terms respectively. The 
penultimate term is the filtered covariance term and represents the correlation between 
progress variable and chemical source term. 
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However, computing from its transport equation would mean further stretching 
of the LES computational time which is already higher in FPV as compared to the 
SUM due to the additional equation for (ý. A computationally efficient alternative 
similar to that adopted for mixture fraction variance is to model the progress variable 
variance. The modelling approach has been adopted in the present study as it is best 
suited for the currently available computational resources. The model for sub-grid 
scale progress variable variance has been derived (Ihme and Pitsch, 2005) from the 
variance transport equation by assuming that the production, dissipation and 
covariance terms are in equilibrium. i. e 
'U' azý azý 2; 0ý- 
SCt, c aXk C'Xk 
- 6), 
' - j5j, 
"' =0 (5.52) 
The subgrid dissipation rate of the progress variable jff' , can 
be written as: 
21 lit azý azý (5.53) L xc 
jý Scl, c axk aXk 
The dissipation rate of the progress variable X, is related to the dissipation rate of 
mixture fraction X or X., (for clarity) by the time scale ratio y. 
C- 
cN2 X. 
- 
j; _2 
X- TZ 
c 
(5.54) 
Using the relations in Eq. 5.53 and Eq. 5.54, the unknown j, ' can be replaced from 
Eq. 5.52 thereby resulting in the following model equation for subgrid, scale variance: 
7i; 
2 2+2 (5.55) 
iz1 ;5 Scl, 
c 
&k &k 
In the present study, the time scale ratio has been set to unity. An advanced method of 
handling the time scale ratio has been recently proposed by Cha and Trouillet (2006). 
However, implementation of such a method is beyond the scope of the present study. 
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The covariance term in the variance model equation is obtained computed from the 
solutions of the steady flarnelet equations: 
(C (Z; x) - 
ü'j (öý (Z; X) - CO., f, 
) ß (Z; ß dWZ (5.56) 
In the above equation, the mean values of the progress variable Cf, and chemical 
source term 6, sfe are evaluated 
from the solutions of the steady flamelet equations 
using Eq. 5.50. Thus, the subgrid variance of progress variable can be determined in 
addition to its filtered first moment in LES. 
On the other hand, integration of solutions from steady flamelet equations provide 
different means of computing mean and variance of progress variable: 
C (Z;, 'ý) ß 
(Z; 
ß (2,; dÄdZ (5.57) 
A.,. 
2-2s 
)«»- 
,=ff 
(C (Z; 2, ) - Ü., f, 
) ß (Z; ß (l; ý, jýJ dXdZ (5.58) rft 
0 1. In 
For the FPV P function model to be consistent, 
CjP2 = Cfp2. f f C and e (5.59) 
Here again the subscript 'sfe' differentiates the values calculated from the steady 
flamelet equations to those obtained from CFD. The above set of equations define the 
two constraints which could be used to obtain ý and 
0. 
With the FPV P function model, filtered scalars determined from Eq. 5.50 are first 
tabulated as function of 2, 
F' 
,i and 
0. Thus generated look-up-table in X space 
is re-interpolated to progress variable space by replacing i withe and 
0 
with 
F; 5. The re-interpolation procedure which has been used is presented in section 
7.1.5. The final re-interpolated filtered look-up-table then provides the filtered scalars 
-82- 
Combustion Models 
as function of quantities which are readily available from LES (namely, 2, 
F'- 
,0 and 
c#2 
2- 
coc = coc and 
EZO-, = eý (5.60) 
The FPV P function model in comparison to 8 function model is more challenging 
from both formulation and computational perspectives. From computational point of 
view, the FPV P function model demands a 4D look-up-table while the 8 function 
model requires only a 3D table. Further with the P function model, re-interpolation of 
the look-up-table from flamelet parameter space to progress variable space involves 
handling 2D scattered data which is by no means a trivial task. The 8 function model 
on the other hand requires handling only single dimensional arrays and hence the re- 
interpolation task is relatively easier. 
Application to RANS 
Both the FPV-8 function model and P function model have been implemented in the 
in-house RANS code with the capability of performing calculations using look-up- 
tables. The formulation of FPV models which has been explained in the context of 
LES holds good for RANS as well. Infact, a look-up-table generated for a particular 
FPV model for specific flame conditions could be employed in both LES and RANS 
for that particular model without any change. In LES, the pre-integrated scalar values 
in the look-up-table are read as Favre filtered values while the same are read as Favre 
averaged values in RANS. 
For the FPV-5 function model in RANS, similar to LES, a transport equation for mean 
mixture (Eq. 5.14) is solved. For the variance of mixture fraction, its transport 
equation (Eq. 5.15) is solved instead of modelling. A transport equation for mean 
reaction progress variable is solved and its form is identical to Eq. 5.43. Thus, 
obtained mean values are used to extract mean density and scalar values from the 3D 
look-up-tables specifically generated for FPV- 6 function model. 
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For the FPV-P function model, similar to the 8 function model transport equations are 
solved for mean mixture fraction, its variance and mean reaction progress variable. 
Additionally, transport equation is also solved for the variance of reaction progress 
variable which is modelled in the case of LES. The transport equation for the variance 
of reaction progress variable is identical to Eq. 5.51 except that the last term which 
now represents a mean scalar dissipation rate in RANS, is modelled using Eq. 5.16. 
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Numerical Approach 
One of the benefits of the present work is that it facilitated enhancement in the 
sophistication of the in-house LES and RANS numerical codes through the 
implementation of the advanced mathematical models describing turbulent 
combustion and computationally efficient procedures which are required to handle 
the advanced models. The in-house LES code PUFFIN was originally developed by 
Kirkpatrick (2002) and Kirkpatrick et al. (2003) while the development of the RANS 
code is due to Malalasekera, (1988) and Hossain (1999). 
Both these computational codes are very similar as far as their foundation is 
concerned since in both cases the spatial discretisation is based on a control volume 
formulation on a staggered, non-uniform, Cartesian grid. However, the LES code 
handles 3D grids while the current capability and requirement of the RANS code is 
restricted to 2D grids. In addition, the computations in LES require marching in time 
while the calculations with RANS are essentially steady. An optimum balance of 
computational speed, accuracy and numerical stability is thus of paramount 
importance in LES and hence the discretisation schemes and equation solvers adopted 
by the LES numerical framework are more advanced in comparison to their RANS 
counterparts. 
In the present chapter, a brief description of the finite-volume method which applies 
to both the computational codes has been presented in section 6.1. Details of the 
numerical framework of the LES code has been discussed in section 6.2. Present work 
contributed to the combustion modelling capability of the LES code through the 
implementation of steady flamelet model and models based on Flamelet/progress 
variable approach, both based on look-up-table concept. The working procedure for 
each of these models has been included in the subsections. In section 6.3, the 
numerical framework of RANS computational code has been presented. In the RANS 
computational code, the turbulence modelling capability has been enhanced by the 
Numerical Approach 
addition of a Reynolds stress transport model to the existing k-6 model. Combustion 
models, namely the steady flamelet model, non-adiabatic flamelet model, and models 
based on flamelet progress variable approach all of which based on look-up-table 
concept have been implemented. In addition, steady and unsteady flamelets based NO 
submodels have been integrated with the combustion models. The solution procedure 
for combustion calculations carried out with these combustion models in conjunction 
with both the available turbulence models has been presented. 
6.1 Finite-volume method 
The finite-volume discretisation involves dividing the continuous domain into discrete 
cells or finite volumes. The governing equations for turbulent reacting flows are the 
numerically integrated over each volume resulting in a set of simultaneous algebraic 
equations, whose solution is an approximation to the solution of the continuous 
equations at a set of discrete points or nodes. Each cell or finite volume constitutes 
one node and the solution computed for each node is considered representative of the 
solution within the cell. 
Fig. 6.1 shows the relative placement of the nodes for scalars, u and v velocity 
components in the staggered grid. Extension to three dimensions uses the same 
structure in the z direction with the addition of w velocity component. All the scalar 
variables including pressure are evaluated at the node of a scalar cell, example P. The 
velocity components are evaluated on the staggered grid points which lie at the 
centroid of the scalar cell faces. Staggering of the velocity avoids physically non- 
realistic predictions for oscillating pressure fields. Also, since the velocities are 
generated at scalar cell faces, it has the added advantage of avoiding interpolation of 
velocities for scalar transport computations. 
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Figure 6.1 Staggered grid and node placement in two dimensions. Circles indicate 
scalar nodes, horizontal arrows indicate nodes of the u velocity component and 
vertical arrows indicate the v velocity component. Examples of a u, v and scalar cell 
are highlighted. 
The Favre averaged or filtered governing equations which have been presented for the 
turbulent reacting flows in the previous chapters are all in a similar form and hence 
may be represented by a generic transport equation 
0 (; 5j) + 19 (i5fik 
j) 
-ý 
0 
ro aý +9. ot OXk &k 
( 
OXk 
Here ý represents any variable, F, is the diffusion coefficient and S, is a source 
term. 
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Integrating the generic equation (Eq. 6.1) over a control volume V bounded by a 
surface S and employing the Gauss divergence theorem to convert volume integrals 
into surface integrals yields the following form: 
'I fj5ý dV + f; 55ký dSk= fr4 
00 dSk + f9o dV (6.2) at 
vss 
&k 
v 
The differential surface area vector dS has a magnitude equal to the area of the surface 
element and direction corresponding to the direction of the outward normal to the 
element. In Eq. 6.2, the time derivative corresponds to the change of a variable within 
a control volume with respect to time. The second term on the left hand side 
corresponds to the convective flux and the diffusive flux is given by the first term on 
right hand side. The last term corresponds to the generation or destruction of the 
variable 0 within the control volume. Spatial discretisation involves approximating 
the volume and surface integrals in this equation and applying the approximation to 
each cell to obtain a set of simultaneous algebraic equations in 0. 
In Fig. 6.1, an example of a scalar cell P for which the integrals are to be calculated 
and its neighbours ( indicated by E, W, N, S) and one level away from neighbours 
(indicated by EE, WW, NN and SS) have been shown in two dimensional space. 
Extension of this structure to three dimensions has been shown in Fig. 6.2. The 
labelling of the neighbours uses the following convention: East (E), North (N) and Up 
(U) correspond to the positive x, y and z directions respectively and West (W), South 
(S), and Down (D) to the negative x, y and z directions. The small letter e, n, w, s etc 
refer to the points at the centroid of the respective cell faces. In the following sections, 
nb is used as a generic subscript for neighbouring cells. To simplify the notation, the 
formulation of fluxes is given for a particular face such as the east or north face and 
all results can be applied in a similar manner to other faces. 
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Figure 6.2: A finite volume cell and its neighbours in three dimensions 
6.2 Spatial discretisation in LES 
6.2.1 Unsteady term 
The unsteady tenn in the governing equation is discretized using a second order 
I. k 
accurate central-differencing approximation for the time derivative at n+2. 
0 fTjdV-- (0)"', - (PO n AV (6.3) 
at v At 
Where n is the time level. Superscript n indicates that the value is taken at the start of 
the current time step, while n+l indicates the end of the time step. 
6.2.2 Convection term 
The convective flux across a cell face (example, east face) is given by: 
Piaý AA)ý = 65a AA), (6.4) 
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Where the velocity component fi is normal to the cell face and AA is the area of the 
face. Linear interpolation is adopted to find j, at the centroid of the cell face. 
a (6.5) 
Where the weighting factor for the interpolation is given by: 
0 =. 
Axpý 
(6.6) 
AXPE 
AxP, and AxpE are the linear distances between node P to the east face centroid e and 
the east neighbour node E, as shown in the two dimensional view of the finite volume 
cell in Fig. 6.1. Due to the staggering of the grid, evaluation of convective velocityUe 
and density p, at the face of the cell depend on whether the variable 0 is a scalar or a 
velocity component. If the variable is a scalar, the convective velocityUe is found 
directly, since a node for the u velocity component is present at the face centroid. 
However, density must be interpolated using linear interpolation similar to Eq. 6.5: 
ý, =(I-O)A +OA, (6.7) 
When the variable is a velocity component, the situation is exactly opposite in that a 
node for the scalar is present at the centroid of the face and hence the density can be 
directly found while convective velocity is obtained through linear interpolation. The 
resulting formulation is a second-order centred scheme for the convective fluxes, 
F (TfiAA), [(I - 0) +0 
C, [(I - 0) +0 (6.8) 
As will be shown later, C, = (j5fiAA), represents the contribution of the convective 
flux across the east face to the co-efficients in the final discretized equation for 0 (Eq. 
6.20). This scheme based on linear interpolation to calculate values of variables at the 
faces of finite volumes, is equivalent to a second-order central difference scheme in a 
finite difference formulation. The central difference schemes are relatively free of 
numerical damping as compared to non-centred schemes. This is highly desirable in 
LES, as numerical damping acts as an extra unquantified contribution to the eddy 
viscosity and contaminates the effects of the subgrid scale model. However, the 
downside of centred schemes is that in convection dominated flows, they fail to 
recognise the direction of the flow or strength of convection relative to diffusion as 
under this scheme value at central node of control volume is influenced by all the 
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neighbouring nodes. Thus, they tend to give solutions containing non-physical 
oscillations or 'wiggles' in the areas of the flow field containing sharp gradients and 
can only be rectified through grid refinement . The ratio of the strength of convection 
to diffusion in a cell is defined as the cell Peclet number, Pe. 
Pe = 
pu 
F/Ax 
(6.9) 
It has been found by Patankar (1980) that the central difference scheme provides 
realistic solutions as long as cell Peclet number Pe < 2. However, LES deals with 
unsteady calculations for which this stability limit is by no means binding and it is 
possible for the solution to remain oscillation-free over the period of simulation at 
even Pe > 2. In LES, the damping introduced by the model for SGS stresses also 
helps to reduce the oscillations. 
In turbulent reacting flows, the scalars (usually the mixture fraction and/or progress 
variable) are coupled with the velocity field through density and the wiggles which 
result from the use of central difference scheme for the scalar convective terms cause 
problems with the numerical stability of the overall solution scheme. Furthermore, 
wiggles may result in unphysical results such as mixture fraction outside the 
physically realistic range of 0 to 1. As mentioned before, grid refinement can help in 
addressing the problem. However, the structured Cartesian grid system used in the 
present study does not allow for localized grid refinement and hence an increase in the 
number of cells An., in one co-ordinate direction means, the total number of cells in 
the domain is increased to An., (nyn.. ). Computational times with LES rise steeply with 
the rise in the grid density and hence grid refinement is limited by the available 
computational resources. For this reason, the convective terms for the scalar equations 
are discretised using the non-centred schemes of Leonard, QUICK (1979) and 
SHARP (1987). 
QUICK is a third-order upwind scheme which reduces numerical oscillations by 
introducing fourth-order dissipation. In this scheme, the value of the variable 0 at cell 
face is computed through a quadratic interpolation: 
=[(I-O)ýp +04]--l CR VX AXE2 (6.10) 
8 
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Where the weighting factor 0 is calculated using Eq. 6.6. The first term in the above 
equation correspond to the linear interpolation used in the standard second-order 
central difference scheme. The second term is an upwind- biased curvature term with 
CRV 
ýp 
-24 +4E U<o AXE 21 
CRV =[ý-24 2+uý,. 
0 
AXE 
The curvature term makes the overall interpolation quadratic. Substitution of Eq . 6.10 
in Eq . 6.8 gives the convective flux of a variable ý across the east face as: 
F, = (ý55AA),, 
[((I 
- 0) p +04)- 
1 CRVXAXE 2 (6.12) 
8 
C, [((I - 0) +0 
4) + S,,, C, 
] 
As the equation for SQujcK includes values of 0 at the next level of neighbours (EE, 
WW etc in Fig. 6.1), this term is included in the equation as part of the source term So , 
While QUICK reduces wiggles, it may not do so completely and the SHARP scheme 
is employed to rectify the still existing oscillations. The SHARP scheme is a 
modification of QUICK which introduces second-order diffusion where local 
conditions are conducive to oscillations, thereby ensuring that the solution remains 
monotonic. Finally, summing the convective fluxes over all faces of the control 
volume gives an expression for the discrete convective operator: 
fý'4dsk 
--I: Cf 
[(('-Of )ýp 
+of ib)+ I: SQUICKf (6.13) 
s 
6.2.3 Diffusion term 
The diffusive flux for a variable 0 across a cell facef is given by 
0ý 
diff F= 
(r*A. 
4 
&k 
Where Xk is in the direction perpendicular to the face of the cell. 
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Discretizing the gradient of the variable gives the flux across the east cell face as: 
F (FOAA), aý diff, = (ax 
Fd, ff =D, 
(4-4) 
(FAA) 
ý4 
(6.15) 
0( AXE 
) 
Where D, = (r, AA),, / AxE is the diffusive flux contribution for the east face to the 
coefficients in the final discretised transport equation (Eq. 6.20). The diffusion 
coefficient at the centre of the face F, is calculated by linear interpolation in the same 
manner as density in the computation of the convective fluxes. Summing the diffusive 
fluxes across all the faces of the control volume gives the following expression for the 
discrete difftisive operator, 
fl-0 00 dSk Df(ab -4 
s 
&k 
(6.16) 
Unlike the convective term, the discrete diffusion term does not suffer from numerical 
stability and hence is used in this form for both momentum and scalars. 
6.2.4 Source term 
Source terms in the governing equations vary according to the variable that is being 
transported. For momentum, source terms represent the effects of pressure gradient 
and body forces if any. A reaction progress variable is associated with a chemical 
source term. The source term for the second moment of a reaction progress variable 
includes the contributions of production, dissipation and the correlation between the 
progress variable and the rate of chemical reaction. For enthalpy in the non-adiabatic 
flows, radiation heat exchange is treated as a source term. All the source terms 
encountered in the different transport equations are treated in a similar manner for the 
purposes of spatial integration. Calculation of the source term involves evaluating the 
function representing the source term So at the node and multiplying by the volume 
of the cell AV: 
f9o dV; zý 90, AV 
v 
(6.17) 
Gradients in the function are calculated using second-order central difference scheme 
while interpolations employ a linear profile analogous to that used for convective and 
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diffusive fluxes. A general source term is written in a linearized form as a 
combination of an implicit Sj, and explicit S., P component: 
So.. AV = Sj. PO P+S,,. p 
(6.18) 
The implicit component is integrated using an implicit time stepping scheme while the 
explicit component is integrated in time using an explicit scheme. Time advancement 
schemes are discussed in section 6.3. 
6.2.5 Complete discretised equation 
The complete discretised transport equation for a generic variable 0 is given by: 
(0)", (0)" 
AV Cf [((I - Of + Of At 
p 
)]I(n 
+11: Df 
[( 
nb I 
+( g-Pý 
pI 
(n-l, n, n+l) 
+ 
(,., 
p 
l(n-2, n-l, n, n+l) 
Here the curly brackets () with superscripts (n-2, n-I ..... ) represent the weighted 
average of the term evaluated at the listed time levels, which gives an estimate of the 
term at n+1 level. The weightings for each time level depend upon the time 2) 
advancement scheme, as discussed in section 6.3. Collecting coefficients, the final 
form of the complete discretized transport equation is given by: 
n+I +I sMpgn+I + sn+I 
j 
aý 
ýn (abn+Iibn+I 
+ 
xp 
nb 
nnn ' 
[Z 
(lb inbn )- 
aW + Simpýn + Sýp 
nb 
(6.20) 
-1 n- + Simpýn + S, b 
J7 
nb 
1 
n 2jn-2 appt-2, 
jý-2 
+ Sn-2 az 
, xt 
nb 
nb -p1 
Where the coefficients corresponding to the node of evaluation ap and its neighbours 
anb are formed from the convective and diffusive fluxes Cf's and Df's respectively. 
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6.3 Time advancement in LES 
In LES, unsteady calculations are adopted for even the statistically steady flows and 
hence the spatially discretized governing equations need to be integrated in time. In 
this section, the time integration schemes employed for the momentum and scalar 
equations are discussed. 
6.3.1 Time integration of scalar equations 
In the present study, time integration of the scalar equations is accomplished through 
Crank-Nicolson scheme. The time integrated transport equation for a scalar ý reads: 
(a)n+, (; 54' 
AV =-IH 
n+l (ý n+l + H" (ýIll 
At 21 
+I+ 
21 (6.21) 
1 [Sn+ljn+i 
+ Sn 
p 
(ýn 
+2p 
+I 
[S". "+Plj n+l + 
(ýn 
2 
Here, H represents the discrete convective term 
H(ý)=ECf [((I-Of)4+ Of 
& )] 
ý (6.22) 
L is the discrete diffusive term, 
Df (ýý - 4) (6.23) b 
and S,. Pý and S,,, p are the 
discrete implicit and explicit source terms respectively. 
Each term is evaluated at the n and n+l time levels and a linear interpolation is used 
to estimate the value of the term at the n+1 time level. The scheme is thus second 2 
order accurate in time. Atleast two iterations of the scalar equations per time step are 
required due to contributions of terms containing ý n+1 to the explicit source term 
which result from the use of the QUICK and SHARP spatial discretisation schemes. 
In turbulent reacting flows, variation in density and diffusivity with respect to time 
can be quite steep and adequate number of outer iterations of the entire time- 
advancement scheme per time step is required to ensure second-order accuracy and 
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stability of the solution. The criterion for the Crank-Nicolson scheme to remain non- 
oscillatory is given by: 
At . 
(Ax) 2 
(6.24) 
F 
While this criterion poses a rather stringent limitation on the improvement that could 
be achieved on spatial accuracy, it results from an error term in the Taylor series 
expansion which contains the second derivative in space a'ýI(ax)'. Typically, this 
term remains relatively small in most flow problems and the scheme remains stable 
for considerably larger time steps. 
6.3.2 Time integration of momentum equations 
The momentum equations are advanced in time using either Crank-Nicolson scheme 
or the second- and third-order hybrid Adams schemes (Kirkpatrick, 2002). In the 
hybrid schemes, Adams Bashforth methods are used for the convective terms and 
Adams-Moulton methods are used for the diffusive terms. The discretised momentum 
equations with Crank-Nicolson scheme based time advancement are given by: 
n+l (; 55 ). 
n (iin AV=-I[H""(fi*)+H 
At 2 
+ 2 
+I[S, -. +,, 5+ S'n., (ii (6.25) 2 
+I [S, ', ', +, 15n+l + S-np (fill 2 
-Gpn-112 
This equation has a form similar to the discretized scalar equation (Eq 6.2 1) except for 
the addition of a pressure gradient termGp"-"'. This term is evaluated at n-112 time 
level as dictated by the pressure correction scheme discussed in section 6.4. The 
velocities calculated at n+I time level are written with superscript * to indicate that 
the values correspond to an approximate solution which is obtained prior to pressure 
correction step. 
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The convection terms in the momentum equations are non-linear and hence require an 
iterative procedure with the Crank-Nicolson scheme to retain second order accuracy. 
This problem is overcome in the present code by employing second- and third-order 
hybrid schemes in which the non-linear convective terms are treated explicitly using 
an Adams-Bashforth Scheme while the diffusion terms are treated implicitly using 
Adams-Moulton. Explicit contributions of the source terms are as well treated 
explicitly with Adams-Bashforth. 
The discretized momentum equations subjected to the second-order Adams- 
Bashforth/ Adams-Moulton scheme take the form: 
p 
)n 
AV=-1[3H n+l 
( fin )-H n-I (fin-I 
At 2 
+I [f+1 (fi*) +r (fin)] 2 
1 [SI. n+Ifio + Sn 
ml 11 
+- 
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and the application of third-order Adams/Bashforth/Adams-Moulton scheme results 
in, 
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Since the non-linear convective terms are calculated from the known values at 
previous time steps, no iteration is required to maintain the accuracy of the scheme for 
these terms. However, as with the scalars, the variation in density and difftisivity in 
reacting flows, demand iteration of the overall solution procedure so that the correct 
value of density ýi` is included in the unsteady term and the correct value of 17"' in 
the diffusion term. 
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The fact that the convective terms are calculated from previous time steps means that 
special treatment is required for initial steps when no information about previous time 
steps is available. To this end, a 'kick-start' procedure is adopted in which Crank- 
Nicolson scheme is used for the initial time steps to enable the calculation of the n-I 
and n-2 source terms for the Adams schemes. 
6.4 Pressure correction in LES 
The coupled system for incompressible reacting flow is solved using a fractional step 
method based on the pressure correction method of Van Kan (1986) and Bell and 
Colella (1989). This version of the fractional step method was found to be the fastest 
of the methods tested by Armfield and Street (2002). According to this approach, 
momentum equations are first integrated to give an approximate solution for the 
velocity, field Ti* . Mass conservation is then enforced through a pressure correction 
step in which approximate velocity field is projected onto a subspace of divergence- 
free velocity fields. The projection is achieved by solving a Poisson equation for the 
pressure correction p' in which the source term is the mass conservation error in each 
cell, 
At 
82 pI=-+ 
(6.28) 
(8xk )2 At 8Xk 
The pressure correction is then used to correct the velocity field, 
and the pressure field, 
u n+l = uo - At 
W 
(6.29) kk 8Xk 
p n+1/2 =p n-1/2 +pF (6.30) 
The pressure correction equation is discretised in a manner analogous to the 
discretisation of transport equations. Integrating the pressure correction equation over 
a finite volume cells and applying the Gauss divergence theorem yields, 
Atj: 
(AAýPý 
=-[ AV+j: 
(ý'1*14AA)f (6.31) SXk At 
I 
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The pressure gradient term 
lpý 
is calculated through a central difference 5Xk 
approximation to be consistent with the discretisation of pressure gradient term in the 
momentum equations. Such a consistency ensures minimum error in projection. 
6.5 Solution of LES equations 
The discrete governing equations presented in the previous sections are solved using a 
linear equation solver. A Bi-conjugate Gradient Stabilized (BiCGStab) solver with a 
Modified Strongly Implicit (MSI) preconditioner has been employed in the present 
study due to its ability to handle stiff set of equations efficiently. The BiCGStab 
solver is also employed for the pressure correction equations. 
Convergence of the solver is measure using the L2 norm of the residual. The 
convergence criterion for the solution of momentum and scalar equations is that the 
residual be less than 10"0. Typically, one or two sweeps of the solver are required to 
obtain this level of convergence. At each time step, a number of iterations of the 
pressure/velocity correction step are carried out to ensure adequate mass conservation. 
Within each iteration, the pressure correction equation is solved until either the 
residual is reduced to 10% of its original value or the BiCGStab solver has performed 
7 sweeps. Each sweep of the solver includes 2 sweeps of the preconditioner. The 
solution is then used to correct the pressure and velocity fields and the divergence of 
the corrected velocity field is calculated. The process is repeated until the L2 norm of 
the divergence error is less than pre-set value. Typically, 6 to 8 projections are 
required to attain the minimum divergence error. 
6.5.1 Overall solution procedure for reacting flows 
For incompressible reacting flows which are the focus of the present study, the overall 
solution procedure for each time step follows an approach that has been implemented 
by Ranga Dinesh (2007) in the context of a single flamelet based steady flamelet 
combustion model. In the present work, the combustion modelling capability in LES 
has been enhanced by incorporating a comprehensive steady flamelet model which 
can handle multiple flamelets or the variation in scalar dissipation rate and advanced 
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flamelet models, namely the Flamelet/Progress Variable (FPV) approach based FPV 8 
function model and FPV 0 function model. Since, both all three models are flamelet 
based, the overall solution procedure remains unchanged from the approach employed 
by Ranga Dinesh (2007). However, the exact calculations within each step in the 
overall solution procedure do vary according to the adopted combustion model and 
these variations are presented subsequent to the description of the overall procedure. 
In the following summary of the solution procedure, superscripts n+l and n refer to 
the current and previous time levels, superscript k refers to the iteration cycle within 
the time step and the superscript 0 indicates the initial guess for the first iteration with 
a time step i. e. k=O. 
Step 1. Choose the initial guesses or predictors for the values of the variables at the 
next time level. Here a simple choice is adopted by choosing the solution values at the 
current time level: 
0n0n 
k4=4, etc. U Uk I 
Step 2. Solve the scalar transport equation (s) to obtain provisional scalar values. This 
facilitates better estimation of the density early in the iteration process. 
Step 3. Calculate density from the provisional scalar values according to the strategy 
appropriate to the adopted combustion model. 
Step 4. Re-update the scalar (s) from the new density. This is required to preserve 
primary scalar conservation. 
Step 5. Solve the momentum equations 
Step 6. Solve the pressure correction equation 
Step 7. Correct the pressure and velocity fields 
Step 8. Check the mass conservation error and repeat steps 6 and 7 as required. 
This completes one iteration cycle within a time step. Typically, 8-10 iterations of this 
procedure is required to obtain satisfactory convergence at the end of each time step. 
At the end of each time step, two more steps need to be executed and these are: 
Step 9. Calculate eddy viscosity. 
Step 10. Calculate the temperature and species mass fractions 
This completes the cycle for a time step. The size of the time step and the number of 
outer iterations vary according to the flow problem. The time step is varied such that 
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the Courant number defined as COU -": A'Uk 1 AXk , remains approximately constant. In 
general, the solutions are advanced with a time step corresponding to a Courant 
number in the range Cou=0.2 to 0.8. 
With this iterative solution procedure, under-relaxation of density in time is required 
in order to maintain stability of the solution. Hence, the density computed in step 3 
from the adopted combustion model, ýP", is not directly used for the remainder of 
steps but instead use is made of the under-relaxed value ; 5, "' which is given as: 
-n+l -n+l P,. =ap +(I-a)Tn+l (6.32) 
Here, a is the under-relaxation factor and takes a value of 0.25. 
6.5.2 Procedure for steady flamelet model 
The exact calculations to be conducted in the Steps 2,3,4 and 10 of the overall 
solution procedure are dictated by the employed combustion model. For the steady 
flamelet model (SLFM) implemented in the present study, following is the procedure: 
Steps 2&4: Calculate scalar transport equations 
2.1: Solve for the filtered mixture fraction equation. 
In case filtered NO is to be calculated through a transport equation based approach 
then additionally perform steps 2.2 to 2.6: 
2.2: Compute the sub-grid variance of mixture fraction from its model equation and 
subsequently calculate the normalized subgrid-variance. 
2.3: Compute the filtered scalar dissipation rate from its model equation 
2.4: Read the pre-integrated 3D look-up-table specific to SUM for ordered values of 
filtered NO source term. 
2.5: From the known value of filtered mixture fraction, its normalized variance and 
filtered scalar dissipation rate, obtain filtered NO source term from the look-up-table 
using the 3D interpolation technique (Appendix 1). 
2.6: Solve the transport equation for filtered NO mass fraction using the NO source 
term obtained from step 2.5. 
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Step 3: Calculate density 
3.1: Compute the sub-grid variance of mixture fraction from its model equation and 
subsequently calculate the normalized subgrid-variance. 
3.2: Compute the filtered scalar dissipation rate from its model equation 
3.3: Read the pre-integrated 3D look-uP-table specific to SUM for ordered values of 
filtered density 
3.4: From the known value of filtered mixture fraction, its normalized variance and 
filtered scalar dissipation rate, obtain filtered density from the look-up-table using the 
3D interpolation technique. 
Step 10: Calculate temperature and species concentrations 
10.1: Read the pre-integrated 3D look-up-table specific to SLFM for ordered values 
of filtered temperature and species mass fractions. 
10.2: From the known filtered mixture fraction, its normalized variance and filtered 
scalar dissipation rate, obtain filtered temperature and species mass fractions from the 
look-up-table using the 3D interpolation technique. 
6.5.3 Procedure for FPV-6 function model 
For the FPV-8 function model implemented in the LES code in the present work, the 
working procedure is as follows: 
Steps 2&4: Calculate scalar transport equations 
2.1: Solve for the filtered mixture fraction equation 
2.2: Compute the sub-grid variance of mixture fraction from its model equation and 
subsequently calculate the normalized subgrid-variance. 
2.3: Read the pre-integrated 3D look-up-table specific to FPV 8 function model for 
ordered values of filtered reaction progress variable source term. 
2.4: From the values of filtered mixture fraction and its normalized variance 
computed from steps 2.1 and 2.2, and filtered reaction progress variable obtained 
-102- 
Numerical Approach 
from previous time step or iteration, compute filtered progress variable source term 
from the look-up-table using the 3D interpolation technique. 
2.5: Solve the transport equation for filtered progress variable using the filtered 
chemical source term obtained from step 2.4. 
Step 3: Calculate density 
3.1: Compute the sub-grid variance of mixture fraction from its model equation and 
subsequently calculate the normalized subgrid-variance. 
3.3: Read the pre-integrated 3D look-uP-table specific to FPV 8 function for ordered 
values of filtered density 
3.4: From the known values of filtered mixture fraction, its normalized variance and 
the filtered reaction progress variable obtained from step 2.5, obtain filtered density 
from the look-up-table using the 3D interpolation technique. 
Step 10: Calculate temperature and species concentrations 
10.1: Read the pre-integrated 3D look-up-table specific to FPV 8 function for ordered 
values of filtered temperature and species mass fractions. 
10.2: From the known values of filtered mixture fraction, its normalized variance and 
the filtered reaction progress variable, obtain filtered temperature and species mass 
fractions from the look-up-table using the 3D interpolation technique. 
6.5.4 Procedure for FPV-p function model 
In the FPV-5 function model presented in the previous subsection, the 3D look-up- 
table is read in every iteration. This provides an advantage in that the 3 dimensional 
arrays could be allocated before an interpolation operation and deallocated thereafter 
thereby keeping the RAM requirement to a fairly moderate level (2 GB). This seems 
an attractive proposition for FPV-P function model as well. However, a major hurdle 
with FPV-P function model is that the look-up-table is 4 dimensional and reading a 
4D table consumes significantly more time. 
-103- 
Numerical Approach 
For instance, a 3D look-uP-table used in the present study is typically of size 
l63x5lxI51 and the time required for its reading in a 4GB RAM-3.6GHZ Intel 
Pentium 4 processor is less than I sec. For the same processor specifications, a 4D 
table typically of size 163x5lx3lxl5l takes nearly 30 sec. ,a scale up of more than 
30 times. 
In the FPV-P function model, it is required to read the table for density, progress 
variable source term, and covariance. Hence, for one outer iteration, the 
computational time is scaled up more than 90 times. In the LES computations, nearly 
8 outer iterations are carried out within a time step and thus, the time for completion 
of a time step is scaled up by more than 720 times. Given that LES computations with 
FPV-8 function model take -30 days, the scale up of 720 times per time step with the 
FPV-P function model could translate into several months. Furthermore, temperature 
and species mass fractions are required to be calculated at the end of each time step in 
LES. For hydrocarbon combustion, typical species of interest are C02, CO, H20, H2 
and OH. Thus, a calculation involving temperature and 5 species requires reading 6 
tables at the end of each time step. While this could be carried out with 3D tables 
without any concern about the computational speed, it is not so with 4D tables. 
Reading six 4D tables can slow down the processing at the end of each time step by a 
significant amount. 
In the present work, these problems are circumvented by storing the 4D arrays for the 
entire length of the LES calculation. The 4D look-up-tables for density, progress 
variable source term and covariance term are read only once (in step 2) and the arrays 
are saved for the remainder of the LES calculation. However, this stretches the RAM 
requirements. A 4GB RAM is a minimum requirement while a higher RAM size is 
highly desirable. With this procedure, 4D look-up-table for temperature too is read 
only once (in step 10) and stored for the entire statistics collection phase of the LES 
calculation. Tables pertaining to species too can be read and stored along with 
temperature but considerably higher (>>4GB) amount of RAM must be ensured. 
In the present study, FPV-P function model was tested for lifted partially premixed 
flames with the foremost objective of capturing the experimentally observed 
temperature distribution. Hence, no account of species mass fractions has been taken. 
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The working procedure for FPV 0 function model is thus as follows: 
Steps 2&4: Calculate scalar transport equations 
2.1: Solve for the filtered mixture fraction equation 
2.2: Compute the sub-grid variance of mixture fraction from its model equation and 
subsequently calculate the normalized subgrid-variance. 
2.3: Compute the sub-grid variance of reaction progress variable from its model 
equation and subsequently calculate its normalized value. The values of filtered 
reaction progress variable and covariance term are obtained from previous time step 
or iteration or initial guess. 
2.4: If beginning from scratch or resumption from previous run, read the pre- 
integrated 4D look-up-table specific to FPV P function model for ordered values of 
the reaction progress variable source term. Save the 4D array to be used for the 
remainder of the LES calculation. 
2.5: Compute filtered progress variable source term from the look-up-tables using the 
4D interpolation technique (Appendix I ). The inputs needed are the filtered mixture 
fraction and its normalized variance computed from steps 2.1 and 2.2, normalized 
progress variable variance obtained from step 2.3 and filtered reaction progress 
variable obtained from previous time step or iteration or initial guess. 
2.6: Solve the transport equation for filtered reaction progress variable using the 
filtered chemical source term obtained from step 2.5. 
Step 3: Calculate density 
3.1: Compute the sub-grid variance of mixture fraction from its model equation and 
subsequently calculate the normalized subgrid-variance. 
3.2: Compute the sub-grid variance of reaction progress variable from its model 
equation and subsequently calculate its normalized value. The filtered reaction 
progress variable is known from step 2.6 and values of covariance term are obtained 
from previous time step or iteration or initial guess. 
3.3: If beginning from scratch or resumption from previous run, read the pre- 
integrated 4D look-up-table specific to FPV 0 function model for ordered values of 
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filtered density and covariance term. Save the 4D arrays to be used for the remainder 
of the LES calculation. 
3.4: Compute filtered density and covariance term from the look-up-tables using the 
4D interpolation technique. The inputs needed are the filtered mixture fraction and its 
normalized variance obtained from steps 2.1 and 3.1 respectively, and filtered 
reaction progress and its normalized variance obtained from steps 2.6 and 3.2 
respectively. 
Step 10: Calculate temperature (when collection of statistics is 
triggered) 
10.1: If beginning of the collection of statistics or resumption from a previous 
collection, read the pre-integrated 4D look-up-table specific to FPV 0 function model 
for ordered values of temperature. Save the 4D array to be used for the remainder of 
the LES calculation. 
10.2: From the known values of filtered mixture fraction and its normalized variance 
and filtered reaction progress variable and its normalized variance, compute filtered 
temperature using the 4D interpolation technique. 
Generation of the look-up-tables for the different models implemented in LES has 
been discussed in Chapter 7. 
I 
6.6 Boundary conditions in LES 
Specification of appropriate boundary conditions is of prime importance for an 
accurate reproduction of the physical geometry and flow conditions. The boundary 
conditions encountered in the present study include, the solid, inflow and outflow 
boundaries. The solid boundaries represent walls and obstacles along the borders and 
within the computational domain. The present LES code has the provision for 
handling obstacles from a range of basic shapes such as rectangular and trapezoidal 
prisms, cylinders and spheres (Kirkpatrick, 2002).. However, the present study is 
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restricted to unconfined flames and hence the use of solid boundary condition is made 
only along the boundaries of the computational domain. 
6.6.1 Solid boundaries 
The solid wall boundaries which reproduce the physical geometry are treated with 
impermeable and no-slip conditions. Hence, all the normal and tangential components 
of velocity at the wall are set to zero. For the turbulent boundary layers in which, it is 
not feasible to resolve the laminar sublayer, it is necessary to use an approximate 
boundary condition or wall functions in order to apply the correct shear force to the 
fluid. The wall function adopted in this study is that of Werner and Wengle (1991) 
which uses a power-law approximation to the log-law. 
For unconfined flows, artificial confinement is usually adopted to avoid the problem 
of numerical instability due to reverse flow at open boundaries. Thus, artificial wall 
boundaries which do not exist in practice are placed in the computational domain. The 
placement of these walls is such that the computational domain is restricted to an 
affordable size yet the walls are far enough to have any influence on the flame 
structure. These artificial walls are treated with a free-slip condition which represents 
a friction less surface. With the free-slip condition, the fluid flow in the direction 
tangential to the wall exists while the flow in the normal direction is zero. Hence the 
normal component of velocity and the gradients of tangential components of velocity 
are set to zero at the wall. For pressure and all the scalars, the gradients in the wall 
normal direction are set to zero near the wall boundaries in the domain. Additional 
details on the implementation of wall boundary conditions are available in Kirkpatrick 
(2002). 
6.6.2 Inflow boundary condition 
Specification of inflow conditions is less straightforward in LES as compared to 
RANS due to the need for time dependent turbulent inflow data. In majority of cases, 
the flow downstream is more or less driven by the conditions at the inlet, making it 
necessary to provide information on a realistic time series of turbulent fluctuations 
which are in equilibrium with the mean flow. Experiments rarely provide information 
in such detail and typically only the time averaged mean and rms of velocity profiles 
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are made available. A variety of methods to numerically generate turbulent inflow 
data are currently available in the literature. Simplest of the methods as employed by 
Branley and Jones (2001) involve superimposing random turbulent fluctuations on 
mean velocity profiles. Advanced methods which demand additional computational 
resources include the body-force method of Pierce and Moin (1998) involving 
auxiliary LES computations on a duct flow to obtain a database of time-varying 
velocity profiles, digital filter method of Klein et al. (2003) and the immersed 
boundary method of Kempf et al. (2005) to name a few. It has been observed by Lund 
et al. (2003) that rather approximate inlet conditions seem to be sufficient for flows 
with open boundaries such as free-stream turbulence, jets, mixing layer etc. while wall 
bounded flows, on the other hand, appear to require much more accurate description 
of inlet turbulence. Thus, for the unconfined flames considered in the present LES 
calculations, the simple approach of Branley and Jones (2001) seems to be adequate 
and hence has been adopted. 
The instantaneous inflow velocity Uk is hence specified through a mean velocity (Uk) 
perturbed by random fluctuations: 
Uk 
(xk t) 
'*": 
(uk +0 (xk t) (Uk (6.33) I 
), 
7ns 
where (u),,,,, is the rms of turbulent fluctuations and is obtained from experimental k 
measurements and is scaled by the random number 0 (xk, t) obtained from a Gaussian 
distribution. For the lifted jet flame configuration studied in the present work (Chapter 
9), inflow conditions for fuel jet correspond to a developing turbulent pipe flow that 
can be approximated by a fully developed flow. Hence, the mean velocity distribution 
along the inlet has been specified through a 1/7 th power law profile given by: 
(U) 
ý-- COubulk I-Lyl 
1/7 
(6.34) 
5 
where Uh. 1k is the bulk velocity, y is the radial distance from the centreline of the pipe 
and 8=1.0 lRj , with Rj representing the radius of the pipe. The co-efficient C,, needs 
to be tuned to ensure experimentally observed mass flow rate. For the lifted jet flame, 
a value of C,, =1.615 ensured correct mass flow rate. The jet flame configuration 
involves vitiated co-flow surrounding the fuel jet. The observed velocity distribution 
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at the co-flow inlet is more or less uniform and hence specification of plug flow was 
considered sufficient. 
In addition to the turbulent velocity data, information regarding all the transported 
scalars needs to be specified at the inlets. Mixture fraction takes a value of unity in the 
fuel inlet and zero in the co-flow inlet while the variance of mixture fraction is zero in 
both the inlets. For the FPV models, the reaction progress variable and its variance are 
set to zero at both inlets. 
6.6.3 Outflow boundary condition 
Outflow boundary conditions generally adopt a zero normal gradient condition or a 
convective outlet boundary condition. The zero normal gradient condition assumes a 
zero gradient for all flow variables except pressure in a direction normal to the outlet 
place. Such a condition is appropriate when the flow is fully developed at the outlet 
and devoid of any flow reversal. Hence, zero non-nal gradient condition often 
demands a lengthy computational domain and subsequently more number of grid 
points which is not desirable from the perspective of LES calculation time. 
The convective outlet boundary condition is more suitable for the current LES 
calculations and hence has been adopted. This boundary condition is mathematically 
expressed as: 
ao +u b ao =0 at an 
(6.35) 
where Ub is the bulk velocity across the boundary and n is the coordinate in the 
direction of outward at the outlet boundary. 
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6.7 Steady RANS numerical framework 
The RANS combustion calculations are essentially steady state and have been carried 
out on a 2D grid. Time varying or unsteady RANS calculations have been carried out 
only for NO modelling with unsteady flamelets based NO submodels (SLFM-EPFM 
and NADM-EPFM). However, unlike the time dependent calculations of LES which 
involve time advancement of all the coupled governing equations of flow, unsteady 
RANS calculations with EPFM are less complicated in that they require time 
advancement of a single passive scalar transport equation in a post-processing phase. 
Details about the unsteady RANS approach are presented in Section 6.8. 
For the steady RANS calculations, the generic transport equation integrated over a 
control volume is given by: 
fj54 
dSk= fTo 00 dSk+ f9o dV (6.36) 
ss 
&k 
v 
Since, this equation is devoid of time derivative term, the solution no longer needs to 
be advanced in time thus requiring significantly less computational effort as compared 
to LES. Also, it is now required to account for only the spatial discretisation of the 
convective, diffusive and source terms in each of the governing equations. Conversion 
of the Eq. 6.36 to a simple linear algebraic form is carried out through an approach 
similar to the one adopted in LES. However, the exact schemes employed for 
approximation of the terms in the equations, the solver used for the solution of the 
linear algebraic equations and the overall solution procedure, are different to LES. 
Since, all the scales of turbulence are modelled with RANS, additional transport 
equations as required by the adopted turbulence model, need to be solved. The k-e 
model requires solving two additional equations for the turbulent kinetic energy and 
its dissipation rate. These quantities are stored at the scalar nodes on the staggered 
grid (Fig. 6.1). For the Reynolds stress transport model, the number of additional 
equations is much higher and hence the allocation of additional quantities on the 
staggered grid requires special consideration. 
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6.7.1 Arrangement of Reynolds stresses on staggered grid 
The Reynolds stress transport model implemented in the in-house RANS code 
requires solving individual transport equations for four non-zero components of the 
Reynolds stresses, three normal stresses andýýw , and the shear 
stressýývýand an equation each for the turbulent kinetic energy and its dissipation 
rate. 
Both the turbulent kinetic energy and dissipation rate are stored at the scalar node. If 
shear stresses are stored at the node points and central differences are used for the 
stress gradients then the mean velocity and shear stress fields may uncouple, i. e. 
"chequer boarding". One well tested method of overcoming this is to use the stress 
storage arrangement shown in Fig 6.3 where the shear stresses are stored at the scalar 
control volume comers with the normal stresses being stored at the scalar node points 
as is the turbulent kinetic energy and dissipation rate. The mean components of 
velocity as previously mentioned are stored the centroid of the control volume face. 
N 
bmvN x1n 
pp 
JE 
wl 
le 
scalar 
cell 
li 
NvN 
üS 
Figure 6.3: Staggered storage arrangement for the Reynolds shear stresses 
- III - 
Numerical Approach 
6.7.2 Spatial 4iscretisation 
In LES, a second order central differencing scheme has been adopted for diffusive 
flux term in all the equations. The convective flux at the face of a control volume is 
approximated using second order central differencing scheme for momentum 
equations while higher order QUICK or SHARP scheme has been used for scalar 
equations to avoid wiggles and unphysical results such as mixture fraction taking 
values which are negative or more than unity. 
The RANS computational code uses the same approach as far as the diffusive fluxes 
are concerned in that the central differencing scheme has been adopted for the 
gradient of a variable in the diffusive flux term of all the equations ( including those 
of Reynolds stresses). Discretised diffusive flux across a face (say east) of a control 
volume is given by: 
(r, AA),, (rAA),, F diff, (6.37) 
( 
aX 
e( 
AXE 
Where D, = (F AA). / Ax, is the diffusive flux contribution for the east face to the 0 
coefficients in the final discretised transport equation, Eq. 6.43. The diffusion 
coefficient at the centre of the face r, for momentum is known at the scalar node 
while for the scalars and Reynolds stresses, it is obtained by linear interpolation (Eq. 
6.5). Summing the diffusive fluxes across all the faces of the control volume gives 
the following expression for the discrete diffusive operator, 
fF4 2-0 dSk D, + D. + D,, + D., 'Xk 
S0 (6.38) 
I: Df 
(ab 
-4) 
The convective fluxes in RANS, have been discretised using the hybrid differencing 
scheme of Spalding (1972). This scheme is based on a combination of second order 
accurate central differencing scheme and first order accurate upwind scheme. 
Piecewise formulae based on the local Peclet number which is evaluated at the face of 
the control volume are used to switch between the central differencing and upwind 
schemes. 
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The convective flux across a cell face (example, east face) is given by: 
(Tý AA),, Cj 
According to the hybrid differencing scheme based approximation ofj, 
F =Cj(1-0)4+Oj] e 
F = Cý, op 
CAE 
(6.39) 
for -2 < Pe, <2 
for Pe, ý! 2 (6.40) 
for Pe, <-2 
The density ý at the face of the control volume is known from the scalar node in case 
of momentum, while for scalars and Reynolds stresses it is obtained through linear 
interpolation. The mean velocity 5 normal to the cell face is known from its value at 
the scalar node in case of scalars and the Reynolds normal stress while for momentum 
it is obtained through a linear interpolation. For Reynolds shear stress linear 
interpolation needs to be pursued thrice to obtain the mean velocity 5. at the centroid 
of the east face of the 7vý cell (Fig. 6.3). The first two interpolations result in the 
mean velocities fiP and fiS at the comers of the east face of the ýýv! cell. The third 
linear interpolation uses 5p and fis to obtain the value at the centre of the east face. 
The hybrid scheme using both central differencing and upwind schemes is only first 
order accurate but ensures stable and overcomes the problems associated with the use 
of central differencing scheme in convection dominated flows. The hybrid 
differencing scheme has found extensive application to practical flows (Versteeg and 
Malalasekera, 2007) and is relatively simple in regard to numerical implementation 
when compared to higher order schemes such as QUICK and SHARP. 
Treatment of source term follows the same approach as detailed in the context of LES. 
The source terms arising in all the governing equations are evaluated by computing 
the function representing the source term S, at the node and multiplying by the 
volume of the cell AV: 
fýo dV ;z 90, A V 
v 
(6.41) 
The Gradients in the function are calculated using second-order central difference 
scheme while interpolations employ a linear profile. In several cases, the source term 
can be a function of the dependent variable. In such cases the source term is 
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approximated by means of a linear form which is a combination of the dependent and 
independent terms. A general source term is thus written as: 
SOPA v= ýPý p 
Finally, the complete discretised equation is given by: 
(6.42) 
(aP 
-g P)4 = 
1: (anb& + gu (6.43) 
nb 
With hybrid differencing scheme, the coefficients corresponding to the node of 
evaluation ap and its neighbours anb for 2D problem are given in Table 6.1. 
aE max[-C,, (D, -C, 12), O] 
aw max[C,,, (D. +Cw2), O] 
aN max[-C,, (D,, -Cw2), O] 
as max[C,, (D, +C4), O] 
ap 
(anb) + Ce - Cw + cn - cs 
nb 
Table 6.1: Co-efficients in the complete discretised equation with hybrid scheme. 
6.7.3 Pressure correction 
In the coupled momentum equations, pressure gradient appears as an unknown 
variable. In compressible reacting flows, the continuity equation can be used as a 
transport equation for density while an energy equation can be used as a transport 
equation for temperature and pressure may then be obtained from the density and 
temperature using equation of sItate. However, in incompressible reacting flow 
problems there is no equation for pressure as such since the density by definition is 
independent of pressure and is only a function of temperature. In this case, coupling 
between pressure and velocity introduces a constraint on the solution of the flow field. 
Provided a correct pressure field is applied in the momentum equations, the resulting 
velocity field should satisfy continuity. This problem is usually overcome by adopting 
an iterative solution strategy. 
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In the present RANS computational code, calculation of pressure, velocity and other 
scalars which are coupled to the momentum equations is carried out in a sequential 
manner using the well known Semi-Implicit Method for Pressure Linked Equations 
(SIMPLE), introduced by Patankar and Spalding (1972). In this algorithm, the 
momentum equations are solved using a guessed velocity (u* and v*) and pressure 
(p*) fields. A pressure correction equation which is deduced from continuity equation 
is solved to obtain a pressure correction field which is in turn used to update the 
velocity and pressure fields. The process is iterated until convergence of the pressure 
and velocity fields is achieved. 
The difference between correct pressure field p and guessed pressure field p* is 
defined as the pressure correction p': 
p --ý p *+Pf (6.44) 
Discretized form of the pressure correction equation obtained from the continuity 
equation is given ( at a scalar node represented by P in Fig. 6.1) : 
F ap pp (anb Pnb + B' (6.45) p nb 
The source term in this equation Bp' is the continuity imbalance arising from the 
approximated velocity field. The coefficient at the scalar node is given by, 
2] a,,, 
nb 
and the neighbour coefficients are expressed as : 
aE aAw aN as B' p 
(; 5Ad), (TAd). (j5Ad),, (; 5Ad), 
(j5u * A). - (; 5u * A), 
+ (; 5v * A)., - (Tv * A)n 
where d, = 
A,, 
ap for u cell on east face of the scalar cell 
(6.46) 
Once the pressure correction field is known, the correct pressure field is obtained 
from Eq. 6.44. 
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The velocity components are computed at their respective nodes through the 
correction formulae: 
U= U* P" 
A 
Pp ap 
VP =VP +(P, '-Pn')Ap (6.47) 
ap 
6.7.4 Solution of RANS equations 
The discretised linear algebraic equations for velocity, pressure correction, scalars and 
Reynolds stresses (when using Reynolds stress transport model for turbulence 
closure) are solved iteratively using a Tri-diagonal matrix algorithm (TDMA). It is 
computationally inexpensive and has the advantage that it requires minimum amount 
of storage. It is applied iteratively, in a line-by-line fashion, to solve the two- 
dimensional problems considered in the present study. 
In Fig. 6.4 a schematic of a two dimensional grid for the bluff-body stabilized flames 
discussed in Chapter 8 is presented. The bluff-body represents solid impermeable 
region devoid of fluid flow. The ghost cells within the bluff-body act as 
discontinuities along the lines of calculation. Usually, the TDMA is implemented such 
that the calculation is swept north to south followed by west to east and the ghost cells 
are handled like any normal cell by fixing the values of all the variables to zero. 
However, in the present study, modifications to the TDMA solver have been made 
such that the line-by-line calculations sense the discontinuity and the ghost cells are 
completely omitted from the calculation. This resulted in minor savings on 
computational time. Also, the calculations are swept first from west to east followed 
by north to south. Such a sequence of sweep direction has been found to improve the 
stability of the solution for this case. For jet flames without any solid obstacle within 
the domain, the sequence of sweep direction is less important and a north-south 
followed by west-east has been used. In all the calculations, 3 to 5 sweeps have been 
used for each variable within each iteration. 
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Figure 6A Schematic of a 2D grid for a bluff-body flow problem. 
East 
The sequence of operations involved in the solution algorithm for a steady reacting 
flow calculation using Reynolds stress transport model for turbulence closure is as 
follows. 
1. Provide initial guess for all the variables 
2. Solve discretized transport equation for Reynolds normal stresses and shear 
stress 
3. Solve discretised. momentum equations 
4. Solve pressure correction equation and correct the pressure and velocities 
5. Solve the discretised transport equations for k and 0 
6. Solve other scalar equations ( relevant to the adopted combustion model) 
7. Calculate density (from equations relevant to the adopted combustion model) 
8. Calculate eddy viscosity 
9. Reset the initial conditions with new values and repeat steps 2 to 7 till 
convergence is achieved. 
This iterative procedure has been carried out in the present study with a convergence 
criterion requiring overall residual for mass, momentum and Reynolds stresses to 
reach a value than less than 10-6. Once the converged flow and mixing fields are 
obtained, post-processing calculations are carried out. 
10. Calculate temperature and mass fraction of species (from equations relevant 
to the adopted combustion model). Since this requires only the main 
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combustion model, it can be considered as an integral part of the main 
combustion model calculations. 
11. If NOx modelling is of interest, calculate NO fiom one of the submodels 
discussed in Chapter 5. 
It is evident from the solution algorithm that combustion modelling fits into the 
overall solution procedure through steps 6,7,10 and 11. The exact calculations to be 
carried out within these steps depend upon the combustion model and its sub-model. 
As previously mentioned, a steady flamelet model, non-adiabatic flamelet model and 
flamelet/progress variable approach based models have been incorporated as the main 
combustion modelling techniques in RANS. The steady adiabatic and non-adiabatic 
flamelet models also have the provision of integrated sub-models, using which NO 
could be modelled. All the main combustion models and their sub-models have been 
made to work on the look-up-table concept. 
6.7.5 RANS procedure for steady flamelet model 
The calculations within steps 6,7 and 10 when employing steady flamelet model are 
as follows: 
Steps 6: Solve scalar transport equations 
6.1: Solve the mean mixture fraction transport equation 
6.2: Solve the mixture fraction variance transport equation 
Step 7: Calculate density 
7.1: Compute the mean scalar dissipation rate from its model equation 
7.2: Read the pre-integrated 3D look-up-table specific to SUM for ordered values of 
mean density 
7.3: From the known value of mean mixture fraction, its normalized variance and 
mean scalar dissipation rate, calculate mean density from the look-up-table using the 
3D interpolation technique. 
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Step 10: Calculate temperature and species concentrations 
10.1: Read the pre-integrated 3D look-up-table specific to SUM for ordered values 
of mean temperature and species mass fractions. 
10.2: From the known mean mixture fraction, its normalized variance and mean scalar 
dissipation rate, obtain mean temperature and species mass fractions from the look- 
up-table using the 3D interpolation technique. 
Step 11: Calculate NO mass fraction 
Both steady and unsteady (EPFM) flamelet based NO submodels can be employed in 
this step. The required calculations for steady transport equation based NO submodel 
(SLFM-NO-TRE) are as follows: 
11.1: Read the converged flow and mixing field solution from the SUM calculations. 
11.2: Read the pre-integrated 3D look-up-table specific to SUM for ordered values of 
mean NO source term. 
11.3: From the known mean mixture fraction, its normalized variance and mean scalar 
dissipation rate, obtain mean NO source term from the look-up-table using the 3D 
interpolation technique. 
11A Solve the transport equation for mean NO mass fraction using the source term 
obtained from step 11.3 
The required calculations for unsteady flamelets (EPFM) based NO sub-model 
(SLFM- EPFM) are as follows: 
11.1: Read the converged flow and mixing field solution from the SUM calculations. 
11.2: Solve the unsteady transport equation for the probability of finding a marker 
particle to store its spatial distribution at every time step. This step requires the use of 
a time advancing or unsteady RANS calculation which is presented in section 6.8. 
11.3: From the known distribution of mean density, scalar dissipation rate and the 
probability of finding the marker particle, calculate the domain averaged conditional 
scalar dissipation rate from the model equation at each time step. 
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11A Using the time history of domain averaged condition scalar dissipation rate 
generate unsteady diffusion flamelets from the FlameMaster code (Pitsch, 1998). 
11A Finally, calculate the mean NO mass fraction within each cell through a 
weighted averaged of the time evolution of the instantaneous NO profiles obtained 
from step 11.3 with the probability of finding the marker particle. 
6.7.6 RANS procedure for non-adiabatic flamelet models 
The calculations within steps 6,7 and 10 when employing the comprehensive non- 
adiabatic flamelet model, NADM is presented here. Similar procedure without the 
calculation of scalar dissipation rate is adopted for the NADS model. The procedure 
for NADM is as follows: 
Steps 6: Solve the scalar transport equations 
6.1: Solve the mean mixture fraction transport equation 
6.2: Solve the mixture fraction variance transport equation 
6.3: Read the pre-integrated 4D look-up-table specific to the non-adiabatic flamelet 
model, NADM, for ordered values of mean temperature and mole fractions Of C02 
and CO. 
6.4: Calculate the mean scalar dissipation rate and enthalpy defect. For the first 
iteration, use the initial guess for actual enthalpy. 
6.5: From the known values of mixture fraction, its normalized variance, scalar 
dissipation rate and enthalpy defect, compute the mean temperature and mole fraction 
mole fractions Of C02 and CO using the 4D interpolation technique. 
6.6: Using the information obtained from step 6.5 and the Discrete Transfer Method, 
calculate the radiation source term in each cell. 
6.7: Solve the mean enthalpy equation using the radiation source term obtained from 
step 6.6. 
Step 7: Calculate density 
7.1: Read the pre-integrated 4D look-up-table specific to the NADM model for 
ordered values of mean density 
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7.2: Calculate the enthalpy defect from the mean enthalpy obtained from step 6.7. 
7.3: From the known value of mean mixture fraction, its normalized variance, mean 
scalar dissipation rate and enthalpy defect, compute mean density from the look-up- 
table using the 4D interpolation technique. 
Step 10: Calculate temperature and species concentrations 
10.1: Read the pre-integrated 4D look-up-table specific to steady non-adiabatic 
flamelet model for ordered values of mean temperature and species mass fractions. 
10.2: From the known values of mean mixture fraction, its normalized variance, mean 
scalar dissipation rate and enthalpy defect, obtain mean temperature and species mass 
fractions from the look-up-table using the 4D interpolation technique. 
Step 11: Calculate NO mass fraction 
Both steady and unsteady (EPFM) non-adiabatic flarnelet based NO submodels can be 
employed in this step. The required calculations for steady transport equation based 
non-adiabatic NO sub-model (NADM-NO-TRE) are as follows: 
11.1: Read the converged flow and mixing field solution from the NADM model 
calculations. 
11.2: Read the 4 dimensional pre-integrated look-up-table specific to steady non- 
adiabatic flamelet model for ordered values of NO source term. 
11.3: From the known mean mixture fraction, its normalized variance, mean scalar 
dissipation rate and enthalpy defect, obtain mean NO source term from the look-up- 
table using the 4D interpolation technique. 
11.4: Solve the transport equation for mean NO mass fraction using the source term 
obtained from step 11.3. 
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The required calculations for unsteady (EPFM) non-adiabatic flamelets based NO 
sub-model (NADM-EPFM) are as follows: 
11.1: Read the converged flow and mixing field solution from the steady non- 
adiabatic flamelet model calculations. 
11.2: Using unsteady RANS, solve the unsteady transport equation for the probability 
of finding a marker particle to store its spatial distribution at every time step. 
11.3: From the known distribution of mean density, scalar dissipation rate and the 
probability of finding the marker particle, calculate the domain averaged conditional 
scalar dissipation rate from the model equation at each time step. 
11A Using the time history of domain averaged condition scalar dissipation rate 
generate unsteady non-adiabatic diffusion flamelets from the FlameMaster code 
(Pitsch, 1998). The unsteady flamelet equations are solved with a radiation source term 
(assuming optically thin radiation). 
11.5: Finally, calculate the mean NO mass fraction within each cell through a 
weighted averaged of the time evolution of the instantaneous NO profiles obtained 
from step 11.4 with the probability of finding the marker particle. 
6.7.7 RANS procedure for FPV-5 function model 
The calculations within steps 6,7 and 10 when employing the FPV-S function model 
are as follows: 
Steps 6: Solve the scalar transport equations 
6.1: Solve the mean mixture fraction transport equation 
6.2: Solve the mixture fraction variance transport equation 
6.3: Read the pre-integrated 3D look-up-table specific to FPV-8 function model for 
ordered values of mean progress variable source term 
6.4: Using the known values of mean mixture fraction and its normalized variance 
and the mean and reaction progress obtained from initial guess or previous iteration, 
compute the mean progress variable source term through the 3D interpolation. 
6.5: Solve the mean progress variable transport equation using the source term from 
step 6.3 
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Step 7: Calculate density 
7.1: Read the pre-integrated 3D look-up-table specific to FPV-8 function model for 
ordered values of mean density 
7.3: From the known values of mean mixture fraction, its normalized variance and 
mean progress variable obtained from step 6.5, compute mean density from the look- 
up-table using the 3D interpolation technique. 
Step 10: Calculate temperature and species concentrations 
10.1: Read the pre-integrated 3D look-up-table specific to FPV-8 function model for 
ordered values of mean temperature and species mass fractions. 
10.2: From the known values of mean mixture fraction, its normalized variance and 
mean progress variable, compute mean temperature and species mass fractions from 
the look-up-table using the 3D interpolation technique. 
Step 11: Calculate NO mass fraction 
In the present study, FPV-8 function model is restricted to mainly calculations of 
temperature distribution and the NO modelling has not been attempted. However, the 
approach used in steady flamelet based NO submodel could easily be extended to 
FPV. Pre-integrated look-uP-table for NO source term can be generated using the Pre- 
PDF FPV 5 (Chapter 7) code and stored as a function of mean mixture fraction, its 
normalized variance and mean reaction progress variable. Steady transport equation 
for mean NO mass fraction can be then be solved by interpolating the NO source term 
from look-up-table. Future works can adopt this technique to assess its benefits over 
SLFM-NO-TRE based calculations. 
6.7.8 RANS procedure for FPV-P function model 
It has been discussed in detail in the context of LES that the FPV-P function model 
stretches the RAM requirements because of the need to store the 4D look-up-tables 
for the entire length of the run. This problem persists with RANS as well. Reading 
large 4D arrays in each iteration is certainly not desirable as RANS computations 
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which can otherwise provide a solution in few hours can take few days. While the 
overall computational time can still be less than that of LES, the very purpose of using 
RANS (computational efficiency) would then be mitigated. Hence, in the present 
RANS code, the FPV-P function model is implemented such that the 4D look-up- 
tables for mean progress variable source term, density and covariance term are read 
only once in the solution process and stored for the entire length of the run. 
The calculations within steps 6,7 and 10 when employing the FPV- P function model 
are as follows: 
Steps 6: Solve the scalar transport equations 
6.1: Solve the mean mixture fraction transport equation 
6.2: Solve the mixture fraction variance transport equation 
6.3: If beginning of the run or resumption from previous run then, read the pre- 
integrated 4D look-up-table specific to FPV-P function model for ordered values of 
mean progress variable source term, covariancc term and density. 
6.4: Using the known values of mean mixture fraction and its normalized variance 
and the mean reaction progress variable obtained from initial guess or previous 
iteration, compute the mean progress variable source term through the 4D 
interpolation technique 
6.5: Solve the mean progress variable transport equation using the source term from 
step 6.4 
6.6: Using the known values of mean mixture fraction and its normalized variance, 
mean reaction progress variable from step 6.5 and the normalized variance of 
progress variable obtained from initial guess or previous iteration, compute the mean 
covariance term through the 4D interpolation technique. 
6.7: Solve the mean progress variable variance transport equation with the covariance 
term obtained from step 6.6. 
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Step 7: Calculate density 
7.1: From the known values of mean mixture fraction, its normalized variance and 
mean progress variable and its variance, compute mean density from the look-up-table 
using the 4D interpolation technique. 
Step 10: Calculate temperature and species concentrations 
A significant advantage that RANS provides with the FPV-P function model is in 
regard to calculation of temperature and species mass fractions. Since in LES, one 
requires their calculation in every time step, the number of species that could be 
considered is very limited due to the need for storing the corresponding number of 4D 
arrays. Infact, present LES computations have been restricted to only filtered 
temperature. In RANS, temperature and species mass fractions are calculated in the 
post-processing phase. Hence, the mean mass fraction of each species can be 
computed sequentially in a one-off calculation. Sequential reading of the 4D look-up- 
table ensures that RAM requirements are well under control. Thus, with RANS, one is 
capable of calculating any number of species with the FPV-P function model. The 
required calculations in this step are as follows: 
10.1: Read the pre-integrated 3D look-up-table specific to FPV-8 function model for 
ordered values of mean temperature and species mass fractions 
10.2: From the known values of mean mixture fraction, its normalized variance and 
mean progress variable, compute mean temperature and species mass fractions from 
the look-up-table using the 3D interpolation technique. 
Step 11: Calculate NO mass fraction 
In the present study, NO modelling with FPV-P function model has not been 
attempted. However, an approach similar to that discussed in the context of FPV-8 
function model can be adopted by generating a 4D pre-integrated look-up-table for 
NO source term from the Pre-PDF FPV P code (Chapter 7). 
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6.7.9 Boundary conditions 
Boundary conditions corresponding to the practical flow configuration are 
implemented on the nodes along the boundaries of computational domain leading to 
modifications in the discretised equations along those nodes. Implementation of 
boundary conditions in the discretised equations is discussed in detail in Versteeg and 
Malalasekera, (2007). Here a brief description of the boundary conditions that have 
been encountered in the modelling work discussed in Chapters 8 &9 is given. 
Inlet boundary 
At the inlets to the domain, the spatial distribution of all the flow variables is specified 
by setting the values of the variables at the nodes. Mean flow properties at the inlet 
are usually available from measurements. However, for turbulence quantities, in the 
absence of measured data, turbulent intensity (i=1-10%) and length scale (I = 0.07 x 
inlet radius) are specified and subsequently k and 0 are calculated from: 
=1.5(ixU .. 
)' and . 9.. 
kin 3/2 
(6.48) 
1 
where Uj,, the bulk velocity at inlet. 
When employing Reynolds stress transport model for the turbulence closure, in 
addition to k,,, andg,, the Reynolds normal and shear stress components' spatial 
distribution§ need to be specified. In the absence of measured data, isotropy of 
turbulence is assumed and the Reynolds normal stresses are obtained from the 
turbulent kinetic energy: 
2- 
u'u, ', ', = v"v. " = mf uf,,, Zk (6.49) 3 
The shear stress ýýv-, ' , 
is approximated by: 0.5 
Further details about the inlet conditions are given separately for each of the different 
turbulent flames studied in the present work in Chapters 8 and 9. 
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Outlet boundary 
At the outlet boundary the gradients of all variables except pressure are considered to 
be zero in the direction of the flow. For facilitating such an assumption, the outlet 
boundary is located far from geometrical disturbances to ensure fully developed flow. 
At the nodes along the outlet plane, values for variables are set equal to those 
corresponding to immediate interior nodes. However, this treatment is not sufficient 
for the velocity component normal to boundary as it may lead to problems in overall 
mass conservation. To correct the difference, total mass flux going out of the domain 
X., is calculated and the velocities normal to outlet are scaled by a factor M,,, ýMj,,. 
Symmetry boundary 
At the symmetry boundary, the conditions of no flow and no scalar flux across the 
boundary are imposed. In the implementation, the velocities normal to the symmetry 
boundary and the shear stresses are set to zero while the values of all other properties 
just outside the solution domain are equated to their values at the nearest node just 
inside the domain. 
Wall boundary 
All the walls have been treated as no slip and impermeable. All the components of 
velocity on the wall have been set to zero. The diffusion of scalar fluxes including the 
Reynolds stresses normal to the wall boundary are set to zero. At high Reynolds 
number, the viscous sublayer of a boundary layer is so thin that mesh required in 
resolving this layer is prohibitively large and hence 'wall functions' are employed. 
They' (given in Eq. 6.50) is used as criterion for application of wall functions. 
y+= 
Ayp 
v Fi35-- (6.50) 
where Ayp is the distance of the near wall node P to solid surface (shown in Fig 6.5). 
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AYP 
'; 
Wai Wail 
u cell Wall shear stress 
Figure 6.5: u velocity cell at wall boundary 
If the value of y+ -<I 
1.63, the near wall flow is taken to be laminar and the wall shear 
stress is obtained by assuming that the velocity varies linearly with distance from the 
wall' 
u 
T. ý JU AY 
(6.51) 
The wall force which can be obtained from wall shear stress enters as a source term 
into the momentum equation tangential to the wall. If y' >1 1.63 the near wall node P 
is considered to be in the log-law region of the turbulent boundary layer and the wall 
functions are applied. The standard wall functions of Launder and Spalding (1974) 
have been implemented in the present study. Within the log-law layer, 
U+ =u ln(Ey+) (6.52) 
ult Ic 
_2 (, C w/ 
;5 )1/ 2 Where the friction velocity u,, K is the von Karman's constant equal to 
0.4187 and E is integration constant and is, equal to 9.793. The near wall shear stress 
is given by: 
. rw = 
; 5C 
u 
114k 
p 
1/2gp /U+ (6.53) 
In the k-c model and the RST model implemented in the present work, the k equation 
is solved in the whole domain including the wall adjacent cells. A zero normal 
gradient boundary condition has been imposed as the boundary condition at the wall 
for k. The k equation has the production of kinetic energy its dissipation rate as the 
source terms. These are computed at the near wall cells on the basis of local 
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equilibrium hypothesis according to which, the production of k and its dissipation rate 
are assumed to be equal. Thus, the production of k is computed from, 
2 
; ze r, 
au 
-, 
r', (6.54) 5 k, p 1/2, äyp ey xP: -C.., 11kp 
and the dissipation rate OP is computed from: 
3/4- 3/2 
9p=. 
KAYP 
(6.55) 
At the near wall nodes, the dissipation rate equation is not solved but instead 
computed from Eq. 6.55. The transport equations for Reynolds normal stresses as well 
are not solved at the near wall nodes but instead computed from kPthrough the 
functional relationships given in Eq. 4.34. The transport equation for Reynolds shear 
stress however has been solved with the imposed boundary condition of zero normal 
diffusion to the wall. 
6.8 Unsteady RANS procedure 
As Previously discussed in section 5.4, for NO modelling with SLFM-EPFM and 
NADM-EPFM, an unsteady equation for marker particle (Eq. 6.56) needs to be solved 
in CFD during the post processing phase. The solution procedure for solving the 
unsteady equation is practically the same as for any passive scalar equation in steady 
RANS except for minor additions driven by the temporal term in the marker particle 
equation. 
1 (; 51. +a (ýii,, 1" )=-" 
ý It 194, 
) 
(6.56) 
at &k &k 
ý 
SCI. OXk 
The presence of time derivative requires integration of the equation not only over a 
control volume but also over a time interval from t to t+At: 
t+Ar I+Al I+Af 
ff 
JUI n ff Tl,, d Vdt + f; 5iakl,, dSdt dSkdt (6.57) f 
VIStS 
SCI. aXk 
The spatial discretisation for convective and diffusive flux terms follows exactly the 
same practice in steady RANS. The gradients in diffusion terms are approximated 
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with central differencing scheme while hybrid differencing is used for convective 
terms. The time derivative term is approximated with a first order backward 
differencing scheme. Thus, 
t+At 
O)AV (6.58) f f, ý!. dVdt = ý'(ln - In 
IV 
where the subscript '0' denotes the value at the time level t. 
Time discretisation for the convective and diffusive terms is carried out through a first 
order accurate fully implicit scheme where only the values of the variable at the new 
time level t+At are considered. The final discretised equation is given by: 
01 
P 
in 2: (anb in, 
nb 
+ 9P (6.59) 
nb 
where the central coefficient ap =Z-W -C, +aý" . 
The expressions 
.., 
(a,, 
b)+C, 
C +C 
nb 
for neighbour co-efficients are the same as presented in Table 6.1. The advantage with 
fully implicit scheme based temporal discretisation is evident from the discretised 
equation which is in most regards close to steady state equations. The only additional 
terms to be accounted are the contribution of apo to the central coefficient ap and the 
contribution of apo 1.0 P 
1 as an additional source term. The cocfficient ao is given by: 
0 
-OA 
At 
(6.60) 
A time marching procedure is adopted to obtain the distribution of I,, with respect to 
space and time The time marching procedure starts from a given initial field of I,, ( as 
discussed in Section 5.4.3). The discretised equation (Eq. 6.59) is solved using a 
TDMA solver after selecting time stepAt. The fully implicit scheme is 
unconditionally stable for any size of the time step At. However, since it is only first- 
order accurate in time, smaller time steps are needed to ensure the accuracy of results. 
In the present study, a time step size of 10,5 s has been employed. Next, the solution 
I,, is assigned to 1' and the procedure is repeated to progress the solution by a 
ftirther time step. The time marching is carried out until 1, is less than 10-8 
throughout the domain i. e. the marker particle has nearly exited the domain. 
-130- 
Chapter 7 
Pre-processing for RANS & LES based 
Calculations of Turbulent Flames 
The RANS and LES based CFD calculations when employing flamelet based 
combustion models require input in the form of a set of pre-integrated look-up-tables 
which together hold the information about the mean thermo-chemical structure of the 
flame under investigation. In the present study, the look-up-tables have been 
generated from pre-integration tools (referred to as Pre-PDF tools) which have been 
specifically developed to cater for the different flamelet combustion, models used in 
the current study. Each Pre-PDF tool performs appropriate integrations of flamelet 
profiles with presumed shape PDFs. The flamelet profiles which form the input to the 
Pre-PDF tools represent the solutions obtained from flamelet equations. Thus, the first 
and foremost task in flamelet modelling of turbulent combustion is the generation of 
flamelets. This along with the subsequent generation of look-up-tables constitutes the 
pre-processing phase of RANS and LES based turbulent flame calculations. 
The steady flamelets generated in the present study can be broadly categorised as 
adiabatic and non-adiabatic, based on their process of generation. Within each 
category, flamelets can be classified as non-premixed and partially premixed based on 
their structure. In the present chapter, details about the variety of flamelets used in the 
present study and their generation processes have been presented in section 7.1. Based 
on the combustion model employed for the turbulent flame calculations, flamelets are 
fed into different Pre-PDF tools for generation of look-up-tables. For steady flamelet 
model based calculations, a Pre-PDF tool named 'Pre-PDF SLFM' has been 
developed to generate the necessary look-up-tables and details about this tool are 
discussed in section 7.2. Subsequently, the 'Pre-PDF NADM' tool, developed to cater 
for steady non-adiabatic flamelet model based calculations has been presented in 
section 7.3. The FPV model based calculations require the flamelets to be processed 
in 'Pre-PDF FPV 8' and 'Pre-PDF FPV 0' tools which perform the dual tasks of 
integration of the flamelets to obtain look-up-tables in flamelet parameter space and 
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re-interpolation of the look-up-tables to progress variable space. Details about these 
tools are presented in section 7.4. 
7.1 Generation of flamelets 
All the flarnelet profiles for the different turbulent flame investigations carried out in 
the present study have been generated using the FlameMaster code of Pitsch (1998). 
The process of generating flamelets involves obtaining solutions for the flamelet 
equations (Eq. 5.6) after enforcement of appropriate assumptions and inputs. Typical 
inputs constitute (1) the boundary conditions for fuel and oxidiser streams and (2) 
chemical kinetic mechanism along with the thermodynamic data. Since the 
assumption of unity Lewis number and equal diffusivity is made in the derivation of 
the flamelet equations, the assumption is inherently enforced for all the calculations. 
However, assumptions regarding the radiation heat loss need to be explicitly 
specified. All the steady flamelet solutions are obtained without the radiation source 
term in the flamelet equations. The steady non-adiabatic flarnelets too do not consider 
the radiation source term but employ an enthalpy defect approach which is discussed 
later in this section. 
In the present study, all the investigated flames are based on gaseous hydrocarbon 
fuels and in particular methane. The GRI 2.11 (Bowman et al., 2007) is the most 
widely used mechanism for describing the methane-air combustion and provides a 
detailed account of the elementary reactions participating in the carbon-hydrogen- 
oxygen chemistry. It also includes NO,, chemistry relevant to natural gas chemistry 
and reburning. The mechanism comprises of 277 elementary reactions with 49 species 
out of which 102 reactions and 17 species pertain to the NO, chemistry. The NO. 
chemistry is thus detailed and includes all the possible pathways of NO,, formation 
viz., thermal, Prompt, nitrous oxide and fuel nitrogen. The use of this mechanism has 
been accepted as a standard practice in the present study, to describe both the 
hydrocarbon and NO,, chemistry in all the investigated flames. This has been arrived 
at after verifying the superiority of the GRI 2.11 mechanism's performance over other 
detailed mechanisms, the GRI 3.0 (Smith et al., 2007) and SanDiego (Williams, 
2007). 
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7.1.1 Steady adiabatic flamelets 
Steady adiabatic flamelets cater for the steady flamelet model and FPV approach 
based CFD calculations. Generation of steady adiabatic flamelets involves solving for 
the flamelet equations without the time derivative term and the radiation source term: 
aZ2 
d), =o (7.1) 
a'T 
+ 
X aT aCp 
+ 
X 
CPI LYj aT ( ) I IV (7 2) - 
1] h 6) = p 2 aZ' ,o 2CP TZ aZ 
p . , i 2CP aZaZ C,,., 
The complete set of solutions obtained from these equations for the fuel air conditions 
corresponding to Berkeley CH4-Air lifted flame (section 9.1) have been shown by the 
so called S-curve in Section 5.5, Fig 5.2. There the locus of the stoichiometric 
temperature for all the solutions have been used to identify three branches of 
solutions, namely the top stable burning branch, middle unstable branch of partially 
extinguished states and the bottom branch of completely extinguished states have 
been identified. The solutions along the fully burning branch are obtained by 
progressively increasing the stretch rate represented by the stoichiometric scalar 
dissipation X,,, from its value at equilibrium (X,, =0) to the quenching limit Xvt, q ' 
The quenching limit unlike equilibrium limit is not universal and is dictated by the 
composition and temperature of fuel and oxidiser streams in the turbulent flame. The 
flamelet structure upon complete extinction corresponds to that of inert mixing of the 
reactants and remains unaffected for all-X,, ýý'Xsl, q . 
The middle branch of unstable 
partially extinguished states represents the transition from fully burning to complete 
extinction. Generation of the middle branch involves choosing a solution 
corresponding to X,, less than but very close to X.,,. q and then using this as 
initial 
solution for a simulation towards smaller values of stoichiometric scalar dissipation 
rate. The middle branch of solutions are however required only when employing FPV 
approach for modelling the turbulent flame. With, the steady flamelet model, the 
flamelets are parameterized by scalar dissipation rate and to ensure a unique 
parameterization, the unstable middle branch is ignored. Hence, the task of flamelets 
generation for SUM based turbulent flame calculations is limited to obtaining 
solutions for the fully burning branch and completely extinguished state. 
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The steady flamelet profiles used in SUM based calculations of the non-premixcd 
Sydney bluff-body flame (HMI, discussed in section 8.1) and partially premixed 
Sandia D jet flame (discussed in section 8.3) are shown in Fig. 7.1. For the HMI 
flame, the fuel stream is composed of a mixture of CH4 and H2 in 1: 1 ratio by volume 
while the oxidizer stream consists of pure air. Both the streams are at a temperature of 
300 K. For these strictly non-premixed conditions, extinction of a flamelct occurs at 
X,,, q approximately equal 
to 55 s"'. The Sandia D jet flame is a partially premixed 
flame where the fuel is a mixture of CH4 and air in 1: 3 ratio by volume while the 
oxidiser consists of pure air and both the streams are at a temperature of 291 K. 
Flamelet calculations for this flame have shown quenching to take place 
at Xst, q '-. 
477 s'. 
The contrasting structure of the flamelets in non-premixed and partially premixed 
conditions can be observed from the temperature profiles at and near equilibrium in 
Fig 7. la&b. The flamelet in non-premixed conditions (Fig. 7.1a) consists of a thin 
diffusive-reaction zone characterised by a high temperature gradient around the 
stoichiometric mixture fraction Zst. The reactants are consumed (not shown) within 
this reaction zone and species attain maximum value while density attains lowest due 
to the maximum heat release. As the stretch on the flamelet increases, the peak 
temperature drops due to the greater extent of heat loss to the outer regions of the 
reaction zone in comparison to the amount of heat released. The flamelet finally 
extinguishes when the stretch rate reaches quenching limit Xs, ý-_ Xst, q resulting 
in an 
inert mixing of the reactants. 
The partially premixed flamelet (Fig. 7.1b) on the other hand exhibits a two-stage 
flame with distinctly separate premixed-flame and diffusion-flame reaction zones. 
The overall structure of the flamelet is rather spread out with the diffusive-reaction 
zone developed around the stoichiometric mixture fraction and the premixed-flame 
developed near to the premixed fuel end. Consistent with findings of Peters (1984), as 
the stretch on the partially premixed flamelet increases, the premixed flame merges 
into the non-equilibrium diffusion flame layer that exists around the maximum 
temperature. 
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Figure 7.1: Steady flamelet solutions for fully burning and fully extinguished states. 
Generated for conditions corresponding to (a) HMI flame and (b) Sandia D flame. 
These solutions are used for SUM based turbulent flame calculations. 
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In each set of profiles shown in Fig 7.1 a&b, a discontinuity between the fully burning 
states and the extinguished (or quenched) state can be observed and this is due to the 
partially extinguished intermediate states which cannot be accounted in SUM. The 
SUM has been mainly employed for only fully burning turbulent flames in the 
present study and hence the absence of partially extinguished flame states in the 
discontinuous region is not of consequence. 
An interesting observation that can be made from the HMI density profiles is that the 
influence of scalar dissipation rate on the density for the fully burning flamelets is 
rather weak. This indicates that when simulating turbulent non-premixed flames 
which are devoid of any local extinction, considering a single representative scalar 
dissipation rate should yield a mixing field prediction which is more or less similar to 
that obtained when considering the effect of scalar dissipation rate. This has been used 
to advantage in the works of Ranga Dinesh (2007) and Hossain (1999) where 
turbulent non-premixed flames operating far from blow-off have been simulated with 
a single flamelet based approach using LES and RANS respectively. Employing a 
single scalar dissipation is particularly useful in LES where the modelled values of 
scalar dissipation rate fluctuate by large magnitudes often leading to numerical 
instability. 
However, such an approach is not warranted for temperature and species 
concentrations even for fully burning turbulent flames since the effect of stretch on 
peak temperatures and species mass fractions is more pronounced as shown in Fig 
7.1 a&b. Further, if steady flainelets based NO modelling is of interest, then the effect 
of scalar dissipation rate on NO source term profiles needs to be analysed. In Fig 7.2, 
the NO source term profiles required in NO modelling of HM1 flame with steady 
flamelets based NO sub-model (SLFM-NO-TRE), are shown. Positive and negative 
peaks which correspond to production and destruction of NO show non-monotonic 
variation in magnitude with change in scalar dissipation rate. Even at moderate non- 
equilibrium conditions, the variation is significant. This indicates that that, accounting 
for this variation might be vital for accurate mean NO predictions. Hence, in the 
present study, SUM calculations in both RANS and LES consider the effects of 
scalar dissipation. A total of 14 flamelet profiles (13 fully burning solutions +I fully 
extinguished inert mixing solution) have been provided as input to the Pre-PDF 
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SUM code which generates look-up-table of mean scalars for SUM based turbulent 
flame calculations. 
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Figure 7.2: NO source term profiles corresponding to fully burning and fully 
extinguished steady state solutions. Generated for the HM1 flame conditions. These 
solutions are required in NO modelling with SLFM-NO-TRE. 
For the FPV models, the flamelet parameter replaces scalar dissipation rate and it 
facilitates unique identification of all the steady state solutions including the partially 
extinguished solutions. Thus, the discontinuity observed with the set of profiles used 
for SUM can be bridged with the FPV approach. In Fig 7.3, the flamelet profiles 
used by FPV models based calculations of Berkeley turbulent lifted jet flame (section 
9.1) are shown. The Berkeley flames operate under partially premixed conditions with 
the fuel consisting of a mixture of CH4and air in the ratio of 1: 3 by volume and at a 
temperature of 323 K while the oxidiser consists of vitiated air at 1355 K. At these 
conditions, near equilibrium flamelets possess a partially premixed structure similar to 
the ones observed with Sandia D flame. As the stretch rate is increased, the structure 
tends towards that of a single reaction zone and finally, quenching occurs 
atX,,, q-- 587s-'. The partially extinguished states 
identified by dotted lines provide a 
smooth transition from fully burning to complete extinction. In the present study, a 
total of 153 flamelet profiles (106 fully burning + 52 partially extinguished+l fully 
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extinguished) have been provided as input to the Pre-PDF FPV 8 and Pre-PDF FPV 
codes which generate look-up-tables of mean scalars for FPV 8 function and 
function based lifted flame calculations. 
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Figure 7.3: Steady flamelet solutions for fully burning, partially extinguished and 
fully extinguished states. Generated for the Berkeley CH4-Air lifted jet flame 
conditions. These solutions are used for FPV based turbulent flame calculations. (-) 
fully burning and fully extinguished states; ( ------- ) partially extinguished state. 
7.1.2 Steady non-adiabatic flarnelets 
For turbulent flame calculations with the non-adiabatic flamelet model, NADM, 
steady non-adiabatic flamelet profiles need to be generated for varying levels of non- 
equilibrium conditions represented by Xq as well as non-adiabatic conditions 
represented by enthalpy defect ý. Here again, only fully burning and completely 
extinguished flamelets need to be generated. Since, radiation heat loss is accounted 
through the external parameter in the form of enthalpy defect instead of a radiation 
1.2 
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source term in the flamelet equations, the equations to be solved are still the same as 
those used for generating steady adiabatic flamelet profiles (Eqs. 7.1 and 7.2). 
However, unlike scalar dissipation rate, enthalpy defect does not appear as a variable 
in the flamelet equations and hence coupling enthalpy defect with flamelet equations 
is a challenging problem that needs to be overcome. To this end, a technique which is 
based on the ideas of Hossain el al. (2001) has been developed in the present study. 
Generating a steady non-adiabatic flamelet profile with the developed technique 
requires a two step procedure which is as follows: 
1. Steady flamelet equations (Eqs. 7.1 and 7.2) at a given Xt < Xq are solved to 
obtain steady flamelet profile which is adiabatic. The resulting adiabatic 
flamelet temperature profile is treated at every point along the mixture fraction 
space with a temperature defect profile AT (Z) which is computed from a pre- 
defined enthalpy defect using the formula: 
AT (Z) =ý (7.3) CP (Z) 
Treatment of a temperature profile is aimed at imposing the effect of radiation 
heat loss on temperature and hence it involves reducing the adiabatic 
temperature at each location in the mixture fraction space by the temperature 
defect. The profile after treatment is thus, T(Z)-IAT(Z)Iand represents a 
non-adiabatic temperature profile. Figure 7.4 shows a steady flamelet 
profile before and after the treatment with IAT(Z)l corresponding to an 
enthalpy defect of -90.0 kJ/kg. It can be observed from the Fig. 7.4 that the 
treatment results in a profile which is qualitatively identical to the original 
adiabatic flamelet but is uniformly of lesser magnitude. It is also evident that 
the treatment results in temperatures at the boundaries Z=O and Z=1 i. e. air 
and fuel streams respectively, which are not only below the adiabatic value 
of 300 K, but also less than 273 K. To overcome this unrealistic situation, the 
boundaries of the non-adiabatic temperature profile are truncated so as to 
restore the adiabatic temperatures at the boundaries. The mixture fraction 
values at the truncated boundaries thus correspond to a slightly richer 
oxidizer (Zo) and slightly leaner fuel (Zf) as shown in the Fig. 7.4. 
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2. Imposing the values of temperature and species mass fractions corresponding 
to the truncated ends Z, and Zf as boundary conditions, steady flamelet 
equations (Eqs. 7.1 and 7.2) are solved for the given Xt to obtain non-adiabatic 
flamelet profiles. 
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E goo 
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Figure 7.4: Imposing enthalpy defect on a steady adiabatic flamelet generated for 
HM I flame conditions 
Thus for a given X,, and ý the non-adiabatic flamelets are generated. Consistent with 
the boundary conditions, the non-adiabatic flamelets have a slightly truncated mixture 
fraction span which ranges from Z,, to Zf instead of Z=O to Z=l with the extent of 
tr-uncation directly proportional to the enthalpy defect. For low enthalpy defects, this 
truncation is insignificant to raise concerns over the accuracy of the integration with 
respect to Z (Eq. 5.24) in the mean scalar values calculations. However, it may not be 
so for higher enthalpy defects. Hence, a thorough investigation into this issue has 
been carried out and as shown later in Chapter 8, section 8.2.5, the truncation is 
expected to result in minimal deterioration in accuracy of integrated mean scalars 
throughout the range of enthalpy defects prevalent in the investigated flames. 
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The RANS based non-adiabatic flamelet model has been tested for HMI bluff-body 
stabilized flame and Sandia D piloted jet flame (both discussed in Chapter 8). For the 
HM I flame, enthalpy defects of 0, - 15, -45, -60, -75, -90, -105, -120, -150, -180 kJ/kg 
have been considered to cover adiabatic to an increasing degree of non-adiabatic 
conditions in the flame. The variation in temperature and NO source term profiles 
with increasing level of non-adiabatic conditions imposed by enthalpy defect is shown 
in Fig. 7.5. The effect of radiation heat loss can be observed to be in the direction of 
simultaneous reduction in both production and destruction of NO. The shift in the 
peak NO source term towards the fuel rich side can also be observed and this can be 
considered as an indication of the shift in the dominant NO formation pathway. While 
thermal NO dominates at the near stoichiometric temperatures, the Prompt mechanism 
is more influential at fuel rich conditions. 
For the Sandia D flame which is relatively more radiating, enthalpy defects of -220 
and -250 kJ/kg have been considered in addition to those considered for HM1 flame. 
For each enthalpy defect, steady non-adiabatic flamelet profiles for X.,, (ý) varying 
from equilibrium to extinction condition have been generated. The series of enthalpy 
defects can thus be viewed as shelves with each shelf containing a set of fully burning 
non-adiabatic flamelet profiles. It is to be noted here that the extinction limit of a 
flamelet varies with enthalpy defect. An increase in enthalpy defect corresponds to an 
increased heat loss in comparison to the heat generation within a flamelet and hence 
extinction of a flamelet occurs at a lesser value of X.,,. This behaviour can be observed 
in Fig. 7.6 for the flamelets generated for both HM I and Sandia D flame conditions. 
As previously discussed in Section 5.3, Hossain et al. (2001), in their study on HM1 
flame with a non-adiabatic model, considered only a single flamelet profile 
(corresponding to X.,, = 2.0s-) for each enthalpy defect shelf inorder to reduce the 
pre-processing time as well as computational time for CFD calculation. With the look- 
up-table concept, computational time for CFD calculations is no longer affected by 
the number of flamelets within an enthalpy defect shelf. However, considering only a 
single flamelet within an enthalpy defect shelf does simplify the pre-processing effort 
quite significantly. 
- 141 - 
Pre-processing for RAN&LES based Calculations of Turbulent Flames 
0.6 
0.4 
0.2 
0 
0.2 
-0.6. 
ý (kJ/kg) 
0 (adiabatic) 
-45 
-75 
-105 
-150 
-180 
Mixture Fraction 
2 
Figure 7.5: Variation of NO source term with enthalpy defect for HMI flame 
conditions. The profiles correspond to a stoichiometric scalar dissipation rate of 2.0s- 1. 
500 60 
SANDIA D 
CH4/Air (1: 3 by vol) at 294K 55 
400 
HM1 
-tH4/H2(1: 1 by vol) at 300K_ 50 
E 300 
45 E 
z 200 
40 
35 
100 ------> 
30 
OL -I- t 50 loo 150 
ýI Enthalpy Defect (kJ/kg) 
Figure 7.6: Variation of extinction limit with enthalpy defect for HM I and SANDIA 
D flame conditions. 
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Implications of a simplification which discounts the effect of scalar dissipation rate on 
flamelet structure have not been studied by Hossain et al. (200 1). Hence in the present 
work, HMI flame has been studied with both, the non adiabatic flamelet model, 
NADM, where multiple flamelets per enthalpy defect shelf are considered, as well as 
the non-adiabatic flamelet model where only a single flamelet per enthalpy defect is 
considered (NADS). 
7.2 Look-up-tables for SLFM 
For SUM based RANS and LES turbulent combustion calculations, the steady 
adiabatic laminar flamelets need to be pre-processed to obtain integrated look-up- 
tables for Favre averaged or filtered thenno-chernical variables 0 (density, 
temperature, species mass fraction and NO source term) as a function of mean 
mixture fraction 2, its normalized variance and scalar dissipation rate ý. 
0=0 
The Pre-PDF SUM tool has been developed to generate look-up-tables specific to 
SUM. Steady adiabatic flamelets obtained from the flamelet calculations are fed into 
the tool along with ordered values of the look-up-table parameters 2, and ý. 
Mean values for each thermo-chemical variable ý are then obtained at each 
combination of the three parameters by performing numerical integration of the steady 
adiabatic flamelets with presumed PDFs for mixture fraction P (Z) and scalar 
dissipation rate P(X,, )thereby resulting in a 3D look-up-table. The double integral 
equation which is numerically evaluated is given by: 
m1 f f0 (Z; x) P (Z) P (X. ) dZdX (7.4) 
00 
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Specification of table properties 
The table properties constitute the range of values for each parameter, the number of 
discrete points to cover the range and the distribution of the discrete points. For each 
parameter, specification of the range is guided by the limiting values of the parameter 
in a turbulent flame. The mixture fraction being a normalized conserved scalar, its 
mean value 2 varies between 0 to 1. For a given 2, its variance 
F-' 
can take values 
between 0 to a maximum of 2 (1 - 
2) in the turbulent flow field. Since, a single range 
cannot be fixed if absolute variance were to be used as the table parameter it needs to 
be normalized. In the present Pre-PDF SUM code, the absolute variance 
F! is 
normalized (Eq. 7.5) by its maximum value for each 2 and the normalized variance 
Z,,,,, 2 
,,,. ranges 
between 0 to 1. 
zoP2 
Z#2 
10 no rm (7.5) 
The mean scalar dissipation rate ý is varied such that it covers the equilibrium to 
extinction conditions which vary from one turbulent flame to another. 
Specification of the discrete number of points to cover the range of values for each of 
the table parameters and the manner in which they are distributed is carried out such 
that an optimum balance between computational cost and accuracy is achieved. It is 
ensured that the table has enough resolution to provide accurate results from the 
interpolations in LES and RANS and at the same time the computational time and 
memory requirements are kept to a reasonable level. For all the tables generated for 
SUM calculations, size of 163 x 51x 31 (2 x xý) has been considered. This 
preferential allocation allows for accurate capturing of the variation of the mean scalar 
structure which is particularly steep along the 2 axis of the look-up-table. 
The distribution of the discrete points along 2 axis is directly obtained from the grid 
(Fig. 7.7) used for the flamelet calculations corresponding to equilibrium condition. 
While solving for the flamelet equations in the FlameMaster code, the grid on the 
mixture fraction space is refined automatically using an adaptive gridding technique 
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according to the steepness of the scalar gradient. The gradients in scalar structure at 
equilibrium condition are the steepest and hence the grid distribution along mixture 
fraction is ideal to be emulated for the mean scalar structure. In Fig 7.7, the grid 
points can be observed to be densely populated around the stoichiometric mixture 
fraction where high gradients and the density decreases towards the fuel rich side. 
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The points along the normalised mixture fraction variance and mean scalar dissipation 
rateý axes of the look-up-table are distributed using power-law fit. 
T(i)=Ie-'(i-1)' (7.6) 
the grid count i varies from I to 51 and the constants a and b take the For T 
values of 5.0 and 2.95 respectively. For T=ý, the grid count i varies from I to 31 
and the constants a and b take the values of 6.0 and 6.5 respectively. The distributions 
f Z#2 
101, m and 
ý are shown in the Fig. 7.8. or . 
Numerical integration 
Once the table properties are specified, the values for 2, Z, ",,, 2,. (and hence Z"2 )and 
are known at every cell in the table. Numerical integrations can then be performed for 
every cell in the table and for every scalar of interest. Numerical evaluation of Eq. 7.4 
is based on the ideas proposed by Lentini (1994) and Hossain (1999). Limited number 
of flamelets (13 fully burning +1 fully extinguished) are considered and each is 
represented by; rl. Integration range in X.,, is then split into L subranges 
1 ZI-1/2 P X1+1/2 
1. with 1=1,2, .... 
L (in particularXI/2 =0), such that Z, is a 
representative value for the corresponding interval. The approximate form of Eq. 7.4 
then reads: 
dy,. 
 
f0 (Z, x, ) P(Z) dZ (7.7) 
Evaluation of the two integrals requires the knowledge of J5 (X,, ) and P (Z) and they 
are presumed to follow log-normal and 0 function distributions respectively. 
Evaluation of the integral 
ýO 
(Z, XI) 11 (Z) dZ: 
0 
The mixture fraction integral with P function distribution is given by: 
r( b) a-1 (Z, XJP (Z) dZ =a+) f0 (Z, x, ) Z (1 - Z)'-' dZ (7.8) F(a) r (b 0 
Where the functional dependence of the constants a and b on 2 and Z"' is given by: 
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a=2 
I 
i; i -11 (7.9) 
b= (1 -2 (7.10) 
The above integral with respect to mixture fraction is then numerically evaluated by 
using Romberg's method with mid-point approximation (Press et al, 1993). Two 
numerical difficulties are associated with calculation of the integral in Eq 7.8. The 
first difficulty arises at the limits of the integral, Z=O and Z= 1, where a or b can take a 
value less than unity thereby leading to singularity. This problem is overcome by 
adopting the method suggested by Bray et al. (1994) and Chen et al. (1994) according 
to which the integral is split as below: 
b ýO(Z, 
X, )Za-I(l_Z)b_'dZ=_ýý0(0)+ fo(Z,, X, )Z a-I(l_Z)b_'dZ+4 O(l) (7.11) 
0a4b 
where ý represents a very small number, taken as 10-30. 
The second difficulty which needs to be overcome is the overflow problem caused 
when the computed values of a and b reach several hundred thousands in magnitude 
during the iteration process. According to the characteristics of 0-function, the 
distribution is close to a delta function when a or b is adequately large. Hence the 
overflow problem is tackled by approximating fi (Z) to a8 function (Eq. 7.12), when 
the value of a or b is large. A value of 500 has been set as the limit. 
P(Z)=5(Z-2) 
Evaluation of the integral 
1112 P (X,,, ) dX 
Z_' 
I/2 St 
Employing log-normal distribution for P(Xs, ), the integral is given by: 
"' P (X) dX 11 rp (In X.  - p)2 dZ ý (7.13) 
tl 
/2 ex 2or2 
where the parameters p and cr are related to the mean scalar dissipation rate j by 
(7.2 
exp 
( 
ju +2 ;a=2.0 
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Introducing variable 0= (In X., - p) / 
[2-cr 
, the integral in Eq. 7.13 is reduced to, 
1+1/2 _02 
1 
(01+1/2 
er 
(0, 
-, /2)] dx e dO = [erf f (7.15) 
st 2 
Where erf denotes error fimction and its argument is given by: 
(7.16) 041/2 
2C, 
'n 
2 NF2 
In the set of flamelet profiles considered for the calculation, one of them corresponds 
to inert mixing which represents post-quenching state. In order to accurately account 
for contribution of the inert state, the integration range is divided into subranges in 
such a way that XL-1/2 -: Xt, q(flamelet at quenching 
limit) and ZL+1/2 (Post ': XOD 
quenching). 
The final forms of the approximated equations for filtered density and Favre averaged 
(or filtered) scalars ý are given by: 
L1 -1 
., 
[erf(01.112) dZ (7.17) 2: - - erf(01-112 
)] f) 
1.12 p (Z, x, ) 
1 
Lj- 1 
[erf(01.112)-erf(01-112 )] 10 (Z, X, ) P (Z) dZ (7.18) 2 
The chosen number of L=14 flamelets have been found to provide adequate accuracy 
and a reasonably good turn around time. The computational time for generation of 3D, 
163x5 I x3l size look-up-tables for j5, f, 6 species and NO source term is kept to less 
than a day on a 2GB RAM Intel Pentium 4,3GHZ processor. Figure 7.9 shows 
examples of 3D look-up-tables for mean temperature generated for HMI and Sandia 
D flame conditions. The mean structure can be observed to closely follow the laminar 
structures in Fig. 7. la&b. The variation in structure with respect to the mean mixture 
fraction, its normalized variance and the mean scalar dissipation rate can be observed. 
Similar tables haves been created with Berkeley lifted flame conditions (section 9.1) 
for SUM calculations in RANS and LES. In LES, the tables are read as filtered scalar 
values (e. g. filtered temperature) as a function of filtered mixture fraction, subgrid 
normalized variance and filtered scalar dissipation rate. 
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Figure 7.9: Structure of ) "D look-up-tables for integrated temperature (K) for SUM 
calculations. Generated for HM I flame (top) and Sandia D (bottom) flame conditions. 
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7.3 Look-up-tables for NADM 
I 
In the non-adiabatic flamelet model, NADM, which has been developed for RANS in 
the present work, the turbulent mean values of the thermo-chemical variables 0 are 
dependent on and additionally on the enthalpy defect Hence for turbulent 
flame calculations based on this model, 4D look-up-tables of the form given in Eq. 
7.19 need to be generated for each mean reactive scalar ý (density, temperature, 
species fraction and NO source term). To this end, an extended version of Pre-PDF 
SUM called Pre-PDF NADM has been developed. 
j= 
The Pre-PDF NADM tool takes the steady non-adiabatic flamelets as input and 
conducts numerical integration for each reactive scalar of interest for each cell in a 4D 
table. As part of the specification of table properties, the range and distribution of 
enthalpy defect ý points needs to be specified in addition to those for Z, Z. 11.1. and 
which take the same definitions as with Pre-PDF SUM. For HM I flame conditions, a 
range of 0 (adiabatic) to -180 kJ/kg is specified for the mean enthalpy defect 
ý and 
this span has been covered by 10 uniformly spaced points. For Sandia D flame 
conditions, a slightly higher range 0 to -250 kJ/kg has been specified and this has been 
covered by 12 uniformly spaced points. Thus, the sizes of look-up-tables for HM I and 
Sandia D flames for NADM model based calculations are 163x5lx3lxlO and 
163x5lx3lxl2 respectively. The equation for evaluation of mean 
scalars with NADM model is given by: 
- 10 
1 Z. - 1ff0 (Z; X; ý) P(Z) ! '(X) P(ý) dýdZdX (7.20) 
00Z. 
Since the flamelet structures are now a function of enthalpy defect as well, a limited 
number of enthalpy defect shelves are considered for the integrations and within each 
shelf, a limited number of flamelets corresponding to fully burning and extinguished 
states are considered. For calculating tables for HMI flame, a total of 10 enthalpy 
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defect shelves are considered with the total number of non-adiabatic flamelets equal 
to 100. For Sandia D flame, a total of 12 enthalpy defect shelves are considered with 
the total number of non-adiabatic flamelets equal to 120. 
The approximations made in Pre-PDF SLFM in regard to the integrations with respect 
to Z and X,, are enforced here as well. The additional requirement here is to account 
for 5(ý) and this is assumed to follow 8 function. Thus, the third integral with 
respect to enthalpy defect can be dropped and the task is reduced to interpolation 
thereby bringing down the overall computational effort to a tractable level. However, 
the 4D computations still demand a turn around time which is -10 times that required 
for generating 3D look-up-tables for SUM. The final equations for mean density and 
scalars take the form: 
J5 =5 (g - 
Z) 
1 
1: - 
[erf (0 erf (0 dZ] (7.21) 
1.1 ,2 
1-1/2)] 
f) 
p (Z, x ý) 
L(Z) 1 [erf (oi+I/2) 
- erf (01-1/2)] 
r0 (Z X ý) j5 (Z) dZ (7.22) 2 
The number of sub-ranges into which the integration range of the scalar dissipation 
rate is split, is now a function of enthalPy defect L=L (ý). As previously discussed, 
extinction limit of a non-adiabatic flamelet increases with the increase in enthalpy 
defect. Hence the range of X,, for fully burning states reduces. This is exploited to 
gain computational efficiency by considering a lesser number of flamelets in higher 
enthalpy defect shelves. The 8 function in the above equations is treated by employing 
a linear interpolation. If m denotes the index of the enthalpy defect shelf, such that the 
value & for a particular cell in the table lies in the range 4. :5&<4,1, then the 
interpolation of any mean quantity is carried out as 
(7.23) 
Where ý. stands for: 
Z -[erf(01+112)- erf(ol-112)] 
f0 (Z' X1 I 
ým )'ý (Z)dZ (7.24) 
1., 21 
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7.4 Look-up-tables for FPV models 
The 'Pre-PDF FPV 8' and 'Pre-PDF FPV P' tools have been developed to generate 
look-up-tables for LES or RANS turbulent flame calculations employing FPV 5 
function and FPV P function combustion models respectively. The Pre-PDF FPV 8 
generates 3D look-up-tables for mean values of each thermo-chemical variable of 
interest, parameterized by and C. The Pre-PDF FPV 0 generates 4D look-up- 
tables parameterized by Z, C. ".,,. and C. 
With the FPV approach, generation of mean values for any thermo-chemical variable 
from its flamelet profiles is based on the equation: 
1 
X. 
- 
j=1f0 (Z, - 1). P (Z), ý (X) dÄdZ (7.25) 
This equation has a form identical to that in SUM with the scalar dissipation rate 
now replaced by a flamelet parameter X which parameterizes the flamelets. However, 
the critical difference here is that 0 (Z; %) now represents a complete set of steady 
flamelet profiles (fully burning + partially extinguished + fully extinguished) which 
cover the entire S-curve (Fig. 5.2). The X for each flamelet corresponds to C, "" for 
that particular flamelet. Thus, the flamelet corresponding to equilibrium condition has 
the maximum X (Xinax) while a completely extinguished flamelet has %=O. In order to 
have the integral limits X.,,, and X.,,, varying from 0 to I in Eq. 7.25, all the flamelets 
are parameterized by a normalized flamelet parameter %,, which is equal to X/X... 
Adopting the standard practice, the PDF for Z is assumed to follow aP function. The 
PDF for the flamelet parameter fi(k) has been tested in the current work with a8 
function and aP function which leads to the two different FPV models and hence the 
two different look-up-table generation tools. Look-up-tables when generated using 
above equation, are in the flamelet parameter (%) space and have the following forms 
depending on whether 8 function or P function is used for 13 (k): 
5 function: function (7.26) 
-152- 
Pre-processing for RANUES based Calculations of Turbulent Flames 
The flamelet parameter X (defined as C.,,., in the present study) has been introduced in 
the FPV approach with the only purpose of facilitating consideration of partially 
extinguished flamelet states along the S-curve (Fig. 5.2) which is not possible with 
scalar dissipation rate. The flamelet parameter does not hold any meaning in a 
turbulent flame unlike the scalar dissipation rate. Hence, i and cannot be 
computed as part of the solution in LES or RANS. This poses an impediment to the 
use of look-up-tables generated in X space for turbulent flame calculations. To 
overcome this, X and X' ' OM 
in the look-up-table are replaced by the quantities C and 
C'. 2 
, Orm which can 
be readily obtained in LES or RANS. 
Thus, additional calculations are needed to convert look-up-table in flamelet 
parameter or X space to the progress variable or C space and this is achieved through a 
re-mapping or re-interpolation procedure. The tools 'Pre-PDF FPV 8' and 'Pre-PDF 
FPV 0' are developed such that they conduct both the tasks of numerical integration 
of flamelet profiles as well as re-mapping. 
7.4.1 Pre-PDF FPV 6 
The inputs to be specified to this tool include the complete set of steady flamelets 
parameterized by the flamelet parameter X,, and the properties for two tables. The 
first table is in the X space and parameterized by Z, 
F..... 
... while the second 
is in the 
C space and parameterized by and (ý. For each table, the range, the number of 
points and their distribution for each table parameter needs to be specified. However, 
both the tables share the same properties as far as 2 and are concerned. 
Both 2 and always range from 0 to I in a turbulent flame and hence the same 
has been used for the table. The range for i as well is specified to vary from 0 to 1. 
However, for e, the range is decided based on the maximum value of C within the 
complete set of steady flamelet profiles. In Fig 7.3, progress variable profiles from a 
complete set of flarnelets generated for the Berkeley CH4/air flame conditions are 
shown and the maximum value of C can be seen to be - 0.17. Since, the maximum 
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mean or filtered mean value of a scalar in turbulent flame cannot exceed the 
maximum value in the flamelet, look-up-tables for Berkeley CH4/air flame conditions 
use a range of 0.0 to 0.17 fore. 
The number of points and the manner of their distribution Z, Z,,.,.. are identical to 
those used in Pre-PDF SUM. For both i and (ý, 151 points with uniform distribution 
has been specified. Thus the size of the final 3D look-up-table is 163x5lxl5l 
( Z, -,,, ,"Iý). 
Numerical integration 
Within each cell of the table, approximated form of Eq. 7.25 is numerically integrated 
for each scalar of interest. Adopting 8 function for P X), the Eq. 7.25 takes the form: 
11 
j=f fo (Z; x) ß (Z;, 2, iýJ 5 (1 - ý) d2, dZ (7.27) 
00 
Numerical integration of mixture fraction integral is carried out using the same 
procedure as the one described for SUM in section 7.1.3 and the 8 function is treated 
by linear interpolation similar to the manner it was dealt for NADM (section 7.1.4). 
The scalars for which the integrations are carried out include the density p, 
temperature T and species mass fractions Yj, progress variable C and progress variable 
source termco, The mean progress variable calculated here is referred by C.: f, to 
differentiate it from the table parameter (ý which is representative of the mean 
progress variable obtained in a turbulent flame calculation through the solution of its 
transport equation. Look-up-tables resulting from the integrations are in X space and 
take the following form: 
or 
-2 2 
norm n"rm, (7.28) 
norm c 
jur 
j2 
or 
-2 
0 
7c 
= 
., feý 
= C., ý no 
(0 Co 
n ng rm 
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Re-mapping 
In Chapter 5, Section 5.5.2, it has been mentioned that a constraint equation (Eq. 5.43) 
needs to be satisfied for the FPV 5 function model to be consistent and by means of 
satisfying the constraint, the need to calculate ý in LES or RANS can be eliminated. 
The gist of the constraint is that the (ý obtained from the transport equation solution 
in CFD should be equal to that obtained from integration of the flamelets Cf,. Thus, 
c= Cf, (7.29) 
In the context of look-up-table, e is the table parameter for the look-up-table in C 
space. Satisfying this constraint forms the basis of the re-mapping procedure which is 
applied to each of the look-up-tables for temperature, density, species mass fraction 
and progress variable source term. 
The re-mapping procedure developed in the present work is as follows: 
For every combination of 2 and Z, ",, 2,,,. which are common to both X space and C 
space tables, 
$tep: 1 Values of Cf, are extracted for the entire range of X from its look-up-table in 
X space. Similarly values of the scalars, temperature, density, species mass fractions 
and progress variable source term are extracted from their respective look-up-tables in 
space. In Fig 7.10,3D look-up-tables for Cf, and Tare shown. Also, the extraction 
of values from each look-up-table has been illustrated through dashed lines 
corresponding to the combination of 0.6 and 0.4. Both the look-up-table 
structures have been colored by the contours of X and it can be observed that the 
lowest point of the dashed line corresponds to the point X=0 while the top most 
point corresponds to i=I and thus the dashed line covers the entire range of i. The 
extracted values for Of, and T are shown in Fig. 7.11. 
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Figure 7.10: The 3D look-up-tables in ý space generated for Berkeley flame 
conditions. Structures of mean progress variable (top) and temperature (bottom) 
colored by the mean flamelet parameter. 
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Figure 7.11 Extracted scalar data as a function of ý for 0.6 and Zp12 = 0.4. norm 
Step 2: SatisN-ing the constraint (ý = means that iý = (ý (ý) is now available from 
the extracted data fore,, , Hence, 
for every ordered value of the table parameter 0, 
the corresponding value of A is obtained by interpolating the extracted data forC-, I,, 
Using the interpolated value of/.. corresponding values of each scalar is obtained by 
interpolating its extracted data. For example, the extracted data for T (Fig. 7.11 
provides which facilitates interpolation. Thus, for every ordered value of 
iý, the scalars and 67), are known at the given Z_ and Zir2 '. 
In cases where the 10 111'ri? 
extracted data for C,, does not cover the entire range ofeý, all the values of 
(ý > (C", are made to correspond to ý=1 . 0. The extracted data shown in Fig 7.11 
is a typical case where the extracted data for C,,,, ranging from 0 to 0.136, does not I 
cover the complete range of iý \vhich varies from 0 to 0.17. Hence for each value of 
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C>0.136, the corresponding values of X are set equal to 1.0 and the scalar data 
corresponding to i=1.0 is subsequently obtained. 
Thus, by looping over each combination of 2 and and performing the operations 
in steps 1&2, the look-up-tables for the scalars T,; 5, Y, and 6, are obtained in C 
space: 
norm 
jor -2 
ýj =T( 
2ý ý#, r2- 
W. 2 (7.30) norm 
7c 
coc 03 "0 -)rm 
7.4.2 Pre-PDF FPV 0 
Similar to Pre-PDF FPV 8, the inputs to be specified to this tool include the complete 
set of steady flamelets parameterized by the normalized flamelet parameter %,, and 
the properties for two tables. The table in the ?, space is parameterized by 4 
variables, while the table in C space is i and additionally 
, (ý and parameterized by 
2, i-'-" 
The range, number of points and their distribution for 2, Z, ' and e are identical 
to those specified for Pre-PDF FPV 5. The absolute variance of?,, is given by 
0 
and it varies from 0 to i (I - 
i) given that the maximum value of ý is 1. However, for 
tabulation purposes a normalized variance %, ", OrM = 
X"' I- i) which varies from 0 
to I is used. The absolute variance of progress variable 
E; -, - is as well normalized by 
its maximum value which in this case is with (%ar = 0.17. Thus, the 
CMffO2j Cm2 normalized progress variable variance )rM 
(0.17 
- (ý) varies from 0 to LA 
total of 31 uniformly distributed points have been selected to cover the range for 
X'PP2 2 
Jorm and 
C,, 'O,. . Thus, the calculations are carried out for 4D look-up-tables of size 
l63x5lx 15 1 x3l (. 2 xi. 
-'-, 
02,. 
xior(ýxi, 
-ff, 
02. 
or 
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Numerical integration 
Approximated form of Eq. 7.25 is numerically -integrated for each scalar of interest 
within each cell in the 4D table. Adopting P function for fi(?, ), the Eq. 7.25 takes the 
form: 
11 
j= f lo (Z; X)ß(Z; iF)ß(2,; ý, j7')dXdZ (7.31) 
00 
Both the mixture fraction and flamelet parameter integrals carrying the 0 function are 
evaluated using the same procedure as the one- described for mixture fraction integral 
in SUM in section 7.1.3. The numerical integrations are carried out for all the scalars 
computed in Pre-PDF FPV 8 i. e. the density p, temperature T and species mass 
fractions Yj, progress variable C and its source term 6), Again, the mean progress 
variable computed here is referred by Cf, to differentiate it from the table 
parametere. In addition to these scalars, two more quantities need to be calculated 
and they are the variance of progress variable C'sfe and the covariance or correlation 
of the progress variable and its source term C6), " . These quantities are evaluated from 
the equations: 
-112 cN2 
Ife =f 
f(C (Z; ? 'n lfýe 
(Z; 2, F)JO (Xn; " xtO 
)dkndZ 
(7.31) 
00 
') fl (X,,; d, %,, dZ (7.32) 2 
&R, 
=ff(C(Z; 7'. 
)-(ý, 
fe)(Coý(Z; 
kn)-O)C)p 
( 
Z; 
00 
Thus, the following 4D look-up-tables are computed in X space: 
N2 
j-N -2 2N -2 N 
-2 Jýý 
9ý 'Irm (7.33) norin'T norm);; 
=; 
(2onormlT 
n( 
21 'nom 
I 
T, 'norm ) 
N -2 P-2 or -2 m, 2- i 
orm 
=W 
j-N, ); 
e(2PTnor, nPT nnn 
wc c srff s It e Erg ni r? 
-2 ( 2, j-N2 N-2 
ýN Tý 
rm 
j 
c O)c to ,T 
JF 
sfe sfe n, rm "Orm n Irm ) no 
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Re-Mapping 
The re-mapping procedure for 4D tables is developed on a basis similar to that for the 
3D look-up-tables in Pre-PDF FPV 8. In Chapter 5, Section 5.5.2, two constraint 
equations (Eq. 5.54) have been presented and it has been mentioned that that these 
two equations should be satisfied for the FPV P function model to be consistent and 
by means of satisfying both the constraints, the need to calculate X and X"' in LES 
or RANS can be eliminated. Thus, with the FPV P function model, 
,, and 
C C"', f,, (7.34) C=C., f, 
In the context of look-up-table, C and C" represent the table parameters for the look- 
up-table in C space while C., f,, and C, 
2 
, fý represent the values obtained from the 
integration of the steady flamelets. 
The re-mapping procedure for the 4D look-up-tables is as follows: 
For every combination of 2 and which are common to both the X space and C 
space tables, the following operations are performed: 
Step 1: Values of Cf, and 
CN2 
* are extracted for the entire ran e of X and '% 
N2 9 
norm 
from their respective look-up-tables in X space. Similarly, data is extracted for all the 
other scalars as a function of i and 
ý; _2 
norm -In the present context of the 4D tables, 
each of the 3D look-up-tables shown in Fig. 7.10 can be regarded as the limiting case 
F 
_ýi_m =0 where no 
Step 2: A schematic of the extracted data for each variable stored as a function of 
jN _2 
and norm 
is shown by the 2D array in Fig. 7.12. Satisfying the two constraint 
equations implies that for every combination of the values of the table parameters 
Fmý2 
W2 
and norm , corresponding combination of values of 
ý and %narn, can be obtained by 
performing interpolations on the ef, and 
E;; 5., 
f. data sets. The interpolations for every 
combination of (ý and 
E. "'O_': is further divided'into 3 steps. 
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Step 2.1: Interpolation is first performed for the given value of C in each row of the 
2D array shown in Fig 7.13a to obtain corresponding value of ý. The output (Fig 
7.13b) is a one dimensional array of interpolated values of ý denoted by X* each of 
which corresponds to (ý but at different values of Xnorm 
Step 2.2: Using the array, corresponding 
F'sf, * is obtained by interpolating the 
cr2 
f, data. The output of this operation (Fig. 7.13c) is a one dimensional array of 
cff2 of%'O sfe 
* stored as a function 
CN2 
10 
Cff2s Step 2.3: Interpolation is now performed for the value using M* data to M rM f 
ýN -2 Y2 find the corresponding on, value 
denoted by '%norm 
Step 2A Finally, by back tracking, the value of which corresponds to 
and denoted by is found. The values and norm 
* are a unique combination 
obtained for the given e and Thus, the task of obtaining obtained the values of 
ý2 2 
and lorm corresponding 
to every combination of e and Cnorm is accomplished. 
Values for the scalars, j5, (j)- and E-F. " are obtained for each combination of C 
by perfonning interpolations of their respective 2D arrays for 
corresponding to X and %, ' OrM corresponding to 
%, ", 
Orm 
ZnNO2 
I Looping over each combination of 2 and rm and performing the operations in steps 
U2, the 4D look-up-tables for the scalars ýi, T, Yd), and Cd), " which are of interest 
in LES and RANS computations are remapped to C space. 
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Figure 7.12: 2D array of 
data extracted for each 
variable from their 
respective look-up- 
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rm 
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Figure 7.13: Steps involved in obtaining a unique combination of values 
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%, # 2 for i and Orm corresponding 
to every combination of C and 
CN.,, I. 
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Modelling of Turbulent Non-premixed 
Bluff-body and Jet flames 
Turbulent non-premixed flames for which experimental data is readily available, have 
been modelled in RANS to assess the performance of the non-adiabatic model along 
with its steady and unsteady NO submodels, implemented in the in-house RANS 
code. The predictive capability of the non-adiabatic model in conjunction with non- 
adiabatic steady and unsteady NO submodels has been validated against experiments 
as well as predictions from its adiabatic counterpart, SUM. The modelling work also 
provided a means of verifying the overall accuracy of numerical implementation of 
the different models (turbulence and combustion) and strategies. 
The Sydney CH4/H2 bluff-body stabilized flames (Dally et al., 1998a, 2003) and the 
Sandia D piloted jet flame (Barlow and Frank, 1998; Schneider et al., 2003) have 
been chosen as test cases. The Sydney bluff-body flames present themselves as ideal 
model problems for studies on turbulence-chemistry interaction since the complexity 
of the flow characteristics is close to that found in practical combustors while the 
geometry is simple and the boundary conditions are well-defined. Since, the fuel is 
based on the simplest of hydrocarbons, modelling studies are benefited from the 
availability of accurate chemical mechanisms. Moreover, the experimental data is 
available for flow, mixing field and compositional structure including the pollutant 
NO and thus they facilitate a comprehensive validation of the models. The bluff-body 
flames have thus been selected as target flames for the modelling community in the 
bi-annual Turbulent Non-Premixed Flames workshop (TNF). Details of the 
experimental set up for the bluff-body flames, conditions and observations on the 
general flame structure are first presented in section 8.1 of this chapter. In the current 
numerical study on bluff-body flames, performance has been assessed for the RST 
turbulence model using the steady laminar flamelet model which is basically an 
adiabatic formulation, the non-adiabatic flamelet models and the different NO 
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submodels (steady/unsteady, adiabatic/non-adiabatic). Results from the study are 
presented in section 8.2. 
While the bluff-body flames did prove useful in evaluating the relative performance 
of different models, their weakly radiating nature demanded further validation of the 
non-adiabatic combustion model and its NO submodels on a relatively stronger 
radiative flame. The Sandia D piloted jet flame. which is also one of the target flames 
in the TNF workshop has been chosen as the second test case as it not only offers all 
the modelling advantages which are associated with Sydney bluff-body but it is also 
has much simpler flow characteristics and more importantly exhibits relatively 
appreciable effects of radiation heat loss. Details of the experimental set up and 
conditions for the Sandia D flame are presented in section 8.3. The numerical 
computations were carried out with both adiabatic and non-adiabatic flamelet 
combustion models and steady and unsteady non-adiabatic NO submodels. Results 
obtained from the computations are discussed in section 8.4. 
8.1 Experimental study of bluff-body stabilized 
flames 
The bluff-body bumer used for experimental investigation of the flames by Dally el 
al. (I 998a; 2003) has an outer diameter, D, of 50 mm and a concentric jet diameter Di 
of 3.6 mm. A wind tunnel with an exit cross section of 254 x 254 mm encloses the 
burner till the burner exit. Fig. 8.1 shows a schematic of the bluff-body flame along 
with measurement locations. The distance of these locations from exit of the bumer is 
normalized by bluff-body diameter D. Single point Raman/Rayleigh/LIF technique 
has been used by Dally et al. (1998a) to measure temperature and the concentration of 
stable species C02, CO, H20, HL 02, N2 as well as concentration of OH and NO. 
Comparisons of measurements with predictions from several numerical works (one 
such work is that of Hossain, 1999) in the past have shown significant disagreement in 
the CO mass fraction, with the Raman scattering measurements of CO being much 
higher than predictions from modelling. The Raman scattering measurements of CO 
in methane flames were found to suffer from laser-excited-interference from higher 
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hydrocarbons formed on the rich side of the flame. Hence, Dally et al. (2003) re- 
measured the CO mass fractions using two-photon laser induced fluorescence 
(TPLIF) technique. The updated CO data has been used for validations in the present 
work. 
The bluff-body test cases adopted in the present work are the HM Ie and HMl flames. 
The fuel used in these flames is a mixture of 50% of CH4 and 50% of H2 by volume. 
Table 8.1 shows the experimental conditions for these two flames. It can be seen that 
the flames operate far from blow-off which is a pre-requisite for steady flamelets 
based models which are incapable of reproducing local extinction and re-ignition. The 
primary test case in the study is the HM I flame for which experimental measurements 
in the form of radial profiles mixing field, temperature and compositional structure are 
available. Although measurements were initially made available for mean and 
fluctuations of velocity for HM I conditions, the accuracy of measurements was called 
into question and hence to provide more reliable mean velocity data, velocity 
measurements have been repeated although with slightly different velocity conditions 
resulting in the HM Ie flame. However, both HM I and HM Ie correspond to the same 
blow-off limit and the differences in inlet velocities have negligible effect on the 
mixing field, temperature and compositional structure. Thus, in the present work, 
simulations for HMle conditions were conducted solely for validation of flowfield 
while the bulk of the validations required the use of HM I conditions. 
Fuel Flaine Uj(nvs) Rej %Blow off Ti,, zs Tad(K) 
UIOWS) (K) 
CH4 HMI 118/40 15800 50 
298 0.05 2265 
(1: 1) HMle 
1 
108/35 14461 
1 
50 
Table 8.1: Investigated Bluff-body flames and their conditions 
8.1.1 Experimentally observed flame structure 
The structure of a jet dominant (greater jet momentum) bluff-body stabilized flame is 
presented in Fig. 8. L It is characterized by three distinct zones. The first zone consists 
of recirculation created by flow separation due to presence of bluff body. 
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Figure 8.1: Schematic of bluff-body bumer. and stabilized flame with measurement 
locations. (Bottom figure : A-NN-w. aeromech. usyd. edu. au/thertno fluids) 
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This recirculation zone facilitates stabilization of the flame as the hot products of 
combustion are made to mix with the reactants. This zone has an outer vortex close to 
the coflowing air and inner vortex (not shown in the figure) close to central fuel jet. 
Position of inner vortex is dependent upon the fuel jet velocity. It shifts downstream 
on increasing the velocity and at sufficiently high velocities it becomes part of the jet. 
Also, the outer vortex becomes shorter and smaller. Downstream of the recirculation 
zone is the region of intense mixing where local extinction and blow-off could occur 
when the fuel jet velocity is increased. This is termed as neck zone and is a region of 
particular importance for testing a combustion model for its accuracy in predicting 
extreme non-equilibrium effects like local extinction. The third zone behaves like a jet 
and at sufficiently high velocities shows re-ignition. 
8.2 RANS modelling of HMle & HM1 flames 
The CH4/H2 bluff-body flames have been studied using the RANS modelling method 
by a number of researchers prior to the current work. Dally et al. (1998b) conducted 
numerical investigation of these flames to arrive at a modified k-C model and 
Reynolds stress model which predict the spreading rate of the jet better than the 
standard models. The modification involved replacing the standard value of the 
constant Ca in dissipation rate equation from 1.4 to 1.6. Merci et al. (2001) 
investigated the bluff-body diffusion flame with a new cubic turbulence model based 
on non-linear eddy viscosity approach. Li el al. (2003) tested Reynolds stress model 
based turbulence closure on FlMle flame with different pressure-strain models and 
found that the 'Isotropization of production' model with the modified Q1 gives good 
agreement overall. Adopting the best practices advocated by these studies, the 
Reynolds stress and k-r. models used in the present work employ the same 
modification. The above works concentrated mainly on studying the sensitivity of 
accuracy of predictions to turbulence modelling techniques and hence employed only 
simple combustion models like fast chemistry and equilibrium chemistry with 
presumed PDF for mixture fraction. Relatively complex and comprehensive 
combustion modelling techniques have been adopted for the bluff-body flames by 
several other researchers. 
-167- 
Modeffing of Turbulent Non-premixed Bluff-body and Jet Flames 
Liu el al. (2005) employed the Joint PDF model with augmented reduced mechanism 
for the bluff-body flames with varying blow-off limits. They found quite good 
agreement with experimental data for the flame far from extinction in regard to 
temperature, major and minor species including CO and OH. However, NO was 
overpredicted. Kim and Huh (2002) applied the CMC model to study bluff-body 
methane-hydrogen difftision flames with three different chemical mechanisms 
including GRI 2.11 and found overprediction of NO in all the three cases although 
GRI 2.11 was the best amongst the three. Hossain et al. (2001) conducted 
investigation on the HM1 flame using steady laminar flamelet and a non-adiabatic 
flamelet model based on enthalpy defect to investigate the effect of radiation heat loss 
on the thermo-chemical structure. They employed a reduced mechanism of Peters 
(1993) for hydrocarbon chemistry and the turbulence was modelled by the modified 
k-e model. They found that the consideration of radiation heat loss has minimal 
effects on the compositional structure of flame. However, effects of radiation heat loss 
on the pollutant NO were not tested and the non-adiabatic flamelet model did not 
include the effects of scalar dissipation rate on the thermo-chemical structure of the 
turbulent flame. In a separate study with steady flamelet model in conjunction with 
modified k-F. model and reduced hydrocarbon chemistry, Hossain and Malalasekera 
(2003) conducted study on NO with a3 step thermal NO mechanism and found 
significant underprediction thereby underlining the need for a detailed account of NO 
reaction pathways. Another relatively recent work which employed steady laminar 
flamelet model is that of Yan et al. (2004) who assessed the influence of turbulence 
model on combustion calculations. They found that the explicit algebraic stress model 
and k-s model with varied anisotropy parameter perform better than standard k-c 
model from comparisons of mixing field, temperature and major species. 
Present modelling of the bluff-body flames differs from the reviewed works in that it 
uses for the first time, the conjunction of flamelet model (adiabatic and non-adiabatic) 
based on detailed chemistry and Reynolds stress transport (RST) model. A 
combination which is expected to be of practical interest since it strikes the right 
balance between accuracy and computational efficiency. It is noteworthy that the 
RANS predictions from HMIe and HMI flames simulated in the current study using 
steady (adiabatic) laminar flamelet model and RST turbulence closure have provided 
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new contributions (Ravikanti and Malalasekera, 2006) to the modelling database at 
the TNF 8 workshop (2006). 
The set of simulations that have been carried out on HMIe and HM1 flames and the 
specific models that have been used for each simulation have been listed in Table 8.2. 
The motive behind these simulations is to not only verify the prediction capability of 
non-adiabatic flamelet model and its NO submodels against their adiabatic 
counterparts, but also to study the individual effects of considering radiation heat loss 
and transient effects on the pollutant NO. In addition, the sensitivity of predictions to 
the adopted chemical mechanism has also been verified. All the simulations listed in 
the table have been performed on the same computational domain and grid which has 
been tested for grid independence and the details are presented in the following 
subsections. 
8.2.1 Computational domain & boundary conditions 
Considering the fact that the bluff body flames of interest are axisymmetric, 
computations have been restricted to 2D axisymmetric domain shown in the Fig 8.2. 
The domain extends in axial direction by 220mm (-4. SD, D=diameter of bluff-body) 
and in radial direction by 172mm (-3.5D). The axial domain is split into two regions. 
A region downstream of the burner exit or face of the bluff-body (x/D>O) where the 
flame stabilizes and a region upstream of the burner exit (x/D<O) which is specifically 
meant for generating fully developed flow conditions at the burner exit. Both fuel and 
co-flow inlets have been extended by a distance of I 00mm upstream of the exit of the 
burner. Although, experimental flow profiles are available at the burner exit, fully 
developed flow profiles have been preferred in previous studies (Dally et al., 1998b; 
Hossain, 1999) since the experimental profiles seem to under predict mean mass flow 
rate and momentum of the fuel jet thereby resulting in discrepancy in radial velocity 
profiles. Infact, the use of fully developed flow profiles is justified since the fuel jet 
pipe extends 40 diameters upstream of the exit in the experimental configuration. 
Fully developed flow profiles could be specified at the burner exit using power-law 
approximations however, the extended inlet has been preferred in the present work to 
ensure minimum influence of inlet conditions on the predicted results. 
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Radiation 
iCase 
ýTurbullence 
Combustion NO 
ý 
sub 
No. Flame model model submodel model Compare To Evaluate 
1 ! HM Ie mod k-E , not SLIFIVI not . . applicable applicable 
1. Performance gain 
2 HM1e RST 
ý 
SLFM not not with 1 with use of 
RST. 
applicable applicable 2. Accuracy of RST 
implementation. 
SLFM SLFM- not 3ý HM1 ýRST Petem Mec. NO-TRE applicable 
ý SLFM SLFM- not 4 HM1 RST GR13.0 Mec. NO-TRE applicable 
5 HM1 ý 
SUM San- RST Diego Mec. I 
SLFM 
NO-TRE 
not 
applicable 
SUM Influence of chemical 
SLFM- 'not with mechanism on the 6 HM1 ýRST (Default: NO-TRE ýapplicable 3,4&5 predictions of overall 
GRI 2.11) flame structure, II particularly NO. 
INote: The G RI 2.11 has been used as the standard (default) hernical mechanism 
7 HM1 RST NADS ' 
NADS- DTRM NO-TRE 
1. Performance of 
the non-adiab. 
combustion models 
and NO sub models 
in comparison to their 
NADM- adiab. counterparts. 
8ý HM1 RST NADM NO-TRE 
ýDTRM with 6&7 2. Impact of radiation 
heat loss on overall 
flame structure, 
particularly NO. 
3. Impact of scalar 
dissipation rate 
jeffects. 
1- Performance 
difference between 
I 
9 ! NADM- ýHM1 
ýRST 
NADM DTRM EPFM with 8 
steady and unsteady 
(EPFM) NO ý 
s bm dels. ý2umpoct 
of transient 
. 11effects on NO. 
Table: 8.2: List of RANS Simulations carried for bluff-body stabilized flames using a 
grid of 162x III (axial x radial) nodes. 
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An extended inlet is of particular advantage when dealing with RST model where 
isotropic turbulence can be imposed along with plug flow at the inlets and fully 
developed mean flow and Reynolds stresses can be obtained at the burner exit. 
At the extended inlet of both fuel jet and co-flow, uniform mean velocities (plug flow) 
have been specified. Turbulence at inlet has been specified in terms of length scale 
(0.07x radius of pipe) and intensity, taken as 1%. Turbulent kinetic energy and 
dissipation rate are subsequently derived. In regard to Reynolds stresses, isotropy has 
been assumed at inlet for the non-nal stresses while the shear stress has been 
considered to be zero. Along the axis of symmetry and co-flow boundary, symmetry 
conditions have been specified. At the bluff-body walls, no-slip boundary condition 
has been employed along with log-law based wall-functions. At the cells immediately 
next to the wall, the Reynolds stresses have been specified as fraction of near wall 
turbulent kinetic energy (relationships given in Eq . 4.34). 
Extended domain< Downstream of bluff-body/burner exit 
"INVIV ý -ýWllllll 
Figure 8.2: Computational domain for RANS modelling of HM Ie& HM I flames. 
8.2.2 Computational grid 
The grid used for all the computations (listed in Table 8.2) is shown in Fig. 8.3. The 
grid consists of 162 nodes along axial and III nodes in the radial directions with a 
non-uniform spacing in both directions. In the radial direction, the spacing of the 
nodes is such that the fuel pipe and the face of the bluff-body are finely resolved by 
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8.2.3 Adiabatic flamelet modelling: results & discussion 
HMle flame 
Simulations of HMle flame have been conducted primarily to validate the accuracy 
with which flow field is predicted by SUM when used in conjunction with RST 
model for turbulence closure. In Fig. 8.5a&b, the general characteristics of the bluff- 
body flame have been presented. The flow comprises of a double-vortex structure 
within the recirculation zone formed downstream of the bluff-body face. The double 
vortex comprises of an inner vortex close to the fuel jet and an outer vortex between 
the inner vortex and co-flow air. The vortex structures result in three distinguishable 
shear layers. An inner or first shear layer which is a manifestation of the contact 
between the high velocity fuel jet and the recirculating inner flow of inner vortex. 
Middle or second shear layer which occurs between the inner portion of the flow in 
the outer vortex and outer portion of flow in the inner vortex. The third or outer shear 
layer which occurs between the co-flow stream and the outer part of outer vortex. 
The double vortex structure as a whole, controls the flow and mixing patterns. 
Stabilization of the flame is driven by the recirculation of the hot products of 
combustion back to the burner exit plane. Thus the recirculation provides a conducive 
environment with continuous ignition source for the flame. The stabilization of the 
flame at the face of the bluff-body can be observed from the temperature contours 
(Fig. 8.5b). Within the recirculation zone, stoichiometric mixture fraction in the 
recirculation zone lies near to the outer edge of the outer vortex and the flame 
temperature is maximum here. However, downstream of the recirculation zone, in the 
neck zone, non-equilibrium effects are expected to be influential and calculations can 
be observed to capture the effect on temperature. Along the stoichiometric line in the 
neck region (x/D-1.3 to 2.0) the temperature is significantly reduced compared to that 
within the recirculation zone. Beyond the recirculation zone, flow can be seen to 
mimic a simple jet. These predicted characteristics of the flame are inline with the 
experimental observations of Daily et al. (1998a). 
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Figure 8.5: HM Ie flame (a) axial velocity (m/s) and (b) temperature (k) contours 
superimposed with streamlines. RANS predictions from SUM in conjunction with 
RST model for turbulence closure. 
The quantitative match between the predictions and measurements for the flow field is 
shown in Figs 8.6 and 8.7. Here, the predictions from SLFM simulation using the k-E 
model with modified constant (C, 1=1.6) for turbulence closure is plotted as well, to 
verify the enhancement in predictive capability with the RST model. In the Fig. 8.6, 
the comparison of radial profiles of mean axial velocity and radial velocity are shown. 
Predictions of mean axial velocity from both the RST and modified k-c model are 
similar at all the axial locations of the flame. Predictions from both the models show 
good agreement with measurements till x/D =0.6 beyond which they start to deviate 
along the centerline. This is partly due to the tendency of both the models to 
overpredict the decay rate of centerline mean axial velocity and partly due to 
experimental errors induced due to velocity bias as reported by Dally et al. (1998b). 
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The comparisons also show that the length of the recirculation zone is somewhat 
underpredicted by both the models, the predicted length being -1.4 bluff-body 
diameters while measured length is 1.6 bluff-body diameters. Comparisons of mean 
radial velocity profiles show that the RST model fares slightly better than the 
modified k-c model with respect to the radial distribution close to the face of the 
bluff-body. Dally et al. (1998b) reported that the radial velocity component is more 
prone to experimental inaccuracies and scatter in the experimental data is evident 
from measurements at x/D=1.4. Predictions with both the turbulence models can thus 
be considered to be reasonably good. 
In Fig. 8.7, the radial profiles of the rms of axial and radial velocity fluctuations are 
shown. Measurements show a double peaked structure for both the axial and radial 
fluctuations within the recirculation zone. The inner peak corresponds to the inner 
shear layer while the outer peak corresponds to the outer shear layer. With the fuel jet 
velocity almost three times higher than the co-flow velocity, the inner shear layer 
experiences more production of turbulence and hence greater level of fluctuations 
than the outer. The anisotropy in the turbulence can be observed from the relative 
magnitudes of the measured peak fluctuations in axial and radial components. For all 
the stations within the recirculation zone (X/D <=1.4) the measured peak axial 
fluctuations corresponding to the inner shear layer are 1.5 to 2 times higher than the 
radial fluctuations. The RST model accounts for this anisotropy reasonably well 
although the axial fluctuations are predominantly underpredicted while radial 
fluctuations are overpredicted for x/D < 0.6 and underpredicted thereafter. A similar 
behaviour in radial predictions has also been reported by Li et al. (2003) and the 
reasons are not fully understood yet. 
The modified k-c model's qualitative performance is reasonably good in that the 
double peaked structure at each axial station with the recirculation zone is captured. 
However, since the model is based on the assumption of isotropic turbulent 
fluctuations, it cannot account for the variations in the magnitude of axial and radial 
fluctuations observed within the recirculation zone. This can be observed clearly at 
the location x/D=1.0, where the assumption of isotropy means that the peak axial 
fluctuations in the inner shear layer are severely underpredicted while the radial 
fluctuations are slightly overpredicted. 
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Figure 8.6: Radial profiles ofincan axial velocity (a) and mean radial velocity (b) f'or 
at various axial locations in the IlMle flame. l1rcdictions obtained frorn RANS 
calculations vvith SITIM. 
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Thus, although the differences between RST and modified k-C model are less 
discemable from the mean velocity fields, the inherent advantage of adopting the RST 
model is indicated by the predictions of fluctuations. In reacting flow calculations, 
definitive conclusions about the overall performance of the turbulence models cannot 
be drawn on the basis of flowfield alone when differences exist in the predictions of 
fluctuations and given that the coupling between the flow-field and the compositional 
structure of the flame is non-trivial. Turbulent fluctuations are coupled to turbulence 
production rate and dissipation rate which in turn drive the scalar (mixture fraction) 
dissipation rate. The scalar dissipation rate is a vital parameter in the calculation of 
mean density in SUM based reacting flow calculations and the mean density in turn 
is present in the equations for mean and variance of mixture fraction which constitute 
the mixing field. In SUM, the accuracy of compositional structure (atleast the 
temperature and major species) is more or less determined by the accuracy of mixing 
field. Thus, the mixing field needs to be verified as well. 
It should be restated here that no measurement data are available for the HM Ie inflow 
conditions at which the flow field was measured, but rather for the HMI case. 
However, it has been checked that, for the radial profiles of mixing field considered 
here, this is of minor importance. Calculations for HMIe and HMI conditions result 
in more or less the same mixing fields at the axial stations where mixing field 
validations are carried out. Hence, the observed accuracy levels of the models in 
regard to flowfield in HMIe flame is valid for HM1 flame as well. The predictive 
capability of SUM in conjunction with RST and modified k-c models in capturing 
the mixing field and compositional structure are analyzed for HM I flame conditions. 
HM1 flame mixing field 
The bluff-body flame characteristics discussed for HMle flame are valid for HM1 
flame as well. The comparisons for radial profiles of mixture fraction obtained from 
measurements and predictions are presented in Fig. 8.8. Predictions are obtained from 
SUM based combustion simulations using modified k-c model and RST model for 
turbulence closure. Predictions with both the models show good agreement with data 
for the flrst two axial locations which fall within the recirculation zone. In the neck 
zone (x/D =0.9,1-3) and jet-like flow region (x/D ý: 1.8) the centerline mixture 
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fraction is considerably underpredicted with the modified k-c model due to the 
overprediction of decay rate of mixture fraction. On the other hand, the RST model 
captures the mixture fraction distribution in the neck region with much higher 
accuracy. In the jet region too, predictions with the RST model are in better 
agreement with measurements than k-c model in that the centerline and radial 
distribution predictions of mixture fraction are improved by - 50%. This is a 
substantial improvement considering the fact that the present RST model is not a full 
second moment closure and the mixture fraction fluxes are modelled similar to k-C 
model. Hence, the improvements are solely due to the factors discussed earlier viz. 
better reproduction of turbulence production and dissipation rates. The profiles of rms 
of mixture fraction fluctuations are shown in Fig. 8.9. Similar to the mean mixture 
fraction, predictions with both the models are in reasonably good with experimental 
data. However, unlike mean mixture fraction, the differences between the models are 
modest. 
Overall, the fairly good agreement in predictions with RST model is indicative of a 
successful numerical implementation of the RST model in the in-house RANS code. It 
is noteworthy that the current mixing field predictions with SLFM-RST combination 
are at least comparable or slightly more accurate than the corresponding RST model 
predictions of Dally et al. (1998b). Comparisons at the axial station x/D=1.8 are 
shown in Fig. 8.10. Although Dally et al. (1998) employed simple single step fast 
chemistry combustion modelling approach as compared to the more elaborate SUM 
calculations in the present work, they employed commercial software CFX 4.4 for 
their RST calculations. Intricate details of the Reynolds stress model implemented in 
the CFX 4.4- are not available for comparison with the present implementation. 
However, it is known that use of a generalized gradient diffusion model has been 
made for the diffusion of Reynolds stresses and this is indeed a more accurate 
approach than the simple gradient diffusion model implemented in the present RST 
model (Fletcher, private communication). 
While this is one example, there could be few such differences which are expected to 
provide advantage in accuracy for the Reynolds stress model predictions from 
commercial software. Hence, it is quite encouraging that the present RST model is 
able to compete strongly with the more robust and extensively validated 
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implementations in commercial codes. Another work that was used to establish 
confidence on the current implementation of RST model is that of' Li el al. (2003) 
who employed equilibrium chemistry for combustion modelling and validated a 
number of pressure-strain term models in the RST model including the linear pressure 
strain model (section 4.1.4) used in the present work. Similar to the present RST 
model, they too changed the constant C., to 1.6 in the dissipatiori rate equation. 
Although. the equilibrium chemistry is a less accurate combustion modelling 
approach than the SLFM used in the present work, their RST model i in picinentat loll is 
expected to be more accurate due to the full second moment closure involving 
transport equations for mixture fraction fluxes. However, mixing 1-icid predictions 
from current RST model have been found to be of better accuracy at all the axial 
stations in the flame. Comparison plots t1or the mean and rins of' mixture fraction 
fluctuations at the axial station x/D=1.8 are shown in the FH, 8.10. 
Thus, the accuracy of current modelling with RST model for turbulence CIOSLII'C 111d 
SLFM for combustion, can be judged to be quite competitive as Iar as mixing field is 
concerned. 
u 0.8 
Lo 
U- 
2) 0,6 
2 0.4 
c 
m 
0.2 
06 
1-- 0.5 0 
Z 
0 
LD 0.4 
LL 
L» 0.3 
01 
XID=0.26 
Expt 
RST model 
kq: model 
I, --o" -j 10 20 3 
X/D=1.3 
10 
R (mm) 
1 
0.8 
0.6 
OA 
0.2 
X/D=0.6 
1 
0.8 
0.6 
0.4 
0.2 
0.6 0.6 
X/D=1.8 
0.5 M 
0.4 0.4 
0.3 0.3 
0.2 0.2 
0.1 0.1 
010 20 300 
(mm) 
X/D=0.9 
0 
XID=2.4 
10 20 3C 
R (mm) 
Figure 8.8: Radial profiles of mean mixture fraction at various axial lengths of' I IM I 
flame. Predictions obtained from RANS calCUlations with Sl, l, 'M. 
- 181 - 
Modelling of Turbulent Non-premixed Bluff-body and Jet Flames 
u lb 
O'l 
0,05 
0 
U. ID 
O'l 
0,05 
0 
D 
C' C -- - 
fl IC ___________---- - 
0 15 
0 
La 01 
11: 
25 
E 
005 
0 
0 
01 
EI 
>i 0 05 
E 
0 
u 1ý 
01 
0.05 
0 
v 10 
0.1 
005 
0 
R (mm) (mm) (mm) 
Figure 8.9: Radial profiles of rms of mixture fraction fluctuations at various axial 
lengths of lJM I flame. Predictions obtained from RANS calculations with SIAM. 
0.6 
0.5 
0 
0.4 
U. 
12 0.3 
0.2 
2 0.1 
X/D=1.8 
0 Expt Data 
-Current model 
---- Dally et al (1998) 
Li et al (2003) 
1 0' ý -3j 0 10 20 
R (mm) 
0.2 
0.1 
06 
10 2'0 
R (mm) 
30 
Figure 8.10: Comparison of the in-house RANS code's RST model prediction 
capability with that of commercial code CFX 4.4 (Dally el al., 1998b) and flill second 
moment closure (Li et al., 2003). All predictions pertain to I IM I flame conditions. 
X/D=1.8 
-I S2 - 
Modeffing of Turbulent Non-premixed Bluff-body and Jet Flames 
HM1 flame temperature & major species 
The radial profiles of mean temperature at various axial locations in the flame are 
shown in Fig. 8.11. It is clear that both RST model and modified k-C model based 
SUM calculations result in fairly good results. The overprediction in temperature 
with both the models at x/D=0.26 is more a deficiency in the measurements than in 
simulations. Dally el al. (I 998b) have reported that the lower levels of measured mean 
temperatures are due to averaging effects caused by intermittency in the flame at this 
location. The shift in the structure of the flame with the movement away from the 
bluff-body face in the downstream direction is well captured by both the models. The 
steady rise in the centreline mean temperature indicates a shift to jet flame structure. 
The modified k-e model can be seen to overpredict the centreline line mean 
temperature at the last two locations which fall within jet-flame structure. This is 
primarily due to the overprediction in decay rate of mixture fraction which leads to a 
mixture closer to fuel rich side of stoichiometry. The fact that SUM calculations are 
adiabatic and do not include effects of radiation heat loss and yet the temperature 
predictions from both the models are fairly good, indicates weakly radiating nature of 
the flame. 
The predictions of mean mass fraction of the major specie C02, are shown in Fig. 
8.12. Within the recirculation zone, except for the first location right adjacent to bluff- 
body face, predictions from both the models are fairly good. The underprediction 
observed with both the models at the first locations is perhaps the manifestation of 
averaging effects in measured data as previously mentioned. In the far downstream jet 
flame region, the radial distribution of mean C02 mass fraction is overpredicted by 
both the models. While the underprediction in mixture fraction observed with both the 
models is certainly a contributor to this deviation, whether or not radiation heat loss 
has any part to play is observed from non-adiabatic model based calculations 
discussed in section 8.2.5. 
The accuracy of predictions for the other major specie H20 (Fig. 8.13) follows a 
similar trend as for C02 in that both models result in fairly good results but with the 
radial distribution underpredicted within the recirculation zone and overpredicted 
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downstream of it. The predictions with RST model can be observed to be slightly 
more accurate than the modified k-& model. 
In Fig. 8.14, the predictions of the mean mass fraction of the CO pollutant are shown. 
Unlike C02 and H20, the predictions are in better agreement with experiments at the 
first location which perhaps is not a true indication of the prediction capability as the 
accuracy of experimental measurements at this location is questionable. However, 
further downstream the trend is similar to C02 and H20. Employing the modified k-C 
model for turbulence closure leads to severe underprediction in the outer vortex 
within the recirculation zone while at the downstream neck zone and jet flame regions 
(x/D=1.3 to 2.4) the CO mass fraction is significantly overpredicted in the fuel rich 
side of stoichiometry. Employing RST model improves the predictions in the outer 
vortex to a noticeable extent while bringing slight improvements along the centreline 
in downstream locations (x/D=1.3 to 2.4). However, there is significant scope for 
improvement in the predictions of CO mass fractions and the extent consideration of 
radiation heat loss could help, is discussed in Section 8.2.5. 
Finally, the OH radical mass fractions are shown in Fig. 8.15. Experimental 
observations show steep peaks at the outermost shear layer within the recirculation 
zone (x/D=0.26 and 0.6). Predictions with the both the models fail to capture the steep 
slope and instead predict a relatively gradual variation in the OH. Since OH radical is 
much smaller in concentration, this large discrepancy could be a magnification of 
error caused due to minor deviations in mixture fraction and variance in the outer 
vortex. From x/D=0.9 to 2.4, the RST model is shown to agree fairly well with 
measurements. 
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HM1 flame pollutant NO 
As previously discussed in chapter 5, the mean mass fraction of pollutant NO cannot 
be directly obtained from flainelet calculations unlike tile temperature and illaJor 
species due to the slo-vv and kinetically controlled chemistry ot'No. Subinodcls xhich 
exclusively account for NO have been implemented in the in-house RANS code. 
Consistent with the use of SUM for combustion calculations, steady transport 
equation based NO sub model (SLFM-NO--I'RF) has been used for calculating tile 
mean NO mass fraction in post processing phase. The submodcl calculations use the 
converged mixing field obtained from SLFM calculations. In order to illustrate the 
need for special modelling techniques in the form of subt-nodels t'Or NO, predictions of' 
mean NO mass fraction have also been obtained directly from SI. FM by extracting tile 
mean NO mass fractions from flarnelet calculations similar to mean temperature and 
major species. 
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In Fig. 8.16, the NO mass fraction predictions from the direct SUM approach and 
steady transport equation approaches with both the modified k-f- and RST models 
based turbulence closures are shown. The direct approach overpredicts tile peak NO 
mass fraction by about 4 times the measurements clearly indicating the breakdoxvii of' 
fast chemistry assumption of flarnelet concept. Given the simplicity of' tile steady 
transport equation based approach (SLFM-NO-TRE), the improvement it promises 
over the conventional approach is quite significant. Thus, although a notable 
overprediction throughout the flame still exists, the predictions from both RST and 
modified k-F- models can be considered to be reasonably good. Between the two 
turbulence models for the transport equation approach, the RST is clearly the better 
model with the mean mass fraction of NO along fuel rich region more accurately 
captured. 
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From the comparisons shown so far for the predicted and measured flow, mixing field 
and compositional structure, it can be concluded that the overall prediction capability 
of SUM and its corresponding NO submodel in conjunction with both RST model 
and modified k-e models is reasonably good. Predictions with RST model are 
generally better or at the least comparable to modified k-c model thus encouraging its 
use as the standard approach for turbulence closure in the present work. Additional 
motivation in using RST comes from the fact that with the use of look-up-table 
concept implemented in the in-house RANS code, the computational time for SUM 
calculations with both RST and modified k-s model is more or less the same. 
However, there is scope for improvement in the RST model based turbulence closure 
and this partly explains for the discrepancies in mixing field and consequently the 
thermo-chemical structure including NO. Three other factors which are likely to 
influence the accuracy of predictions are: 
The adopted chemical mechanism 
Non-adiabatic effects'due to radiation heat loss 
9 Transient effects due to the slow chemistry of NO. 
While the effects of the first two factors are felt on the entire thermo-chemical 
structure of the flame, the third factor, transient effects, is known (Pitsch el al., 1998 
and Coelho and Peters, 2001a) to be of less influence on temperature and major 
species (given that the flame is fully burning) and are important only for the slow NO 
chemistry. Thus, investigations into the influence of chemical mechanism and 
radiation heat loss have been conducted for temperature and compositional structure 
of the flame while investigations into the influence of transient effects have been 
restricted to NO. The results from these investigations are discussed in the subsequent 
sections. 
8.2.4 Influence of chemical mechanism 
As previously stated, predictions of SUM in conjunction with RST model have been 
obtained with the use of the detailed chemical mechanism, GRI 2.11. In order to 
verify the extent the predictions from GRI 2.11 (Bowman et al., 2007) could be 
improved, SUM based HMI flame simulations have been conducted with two 
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different detailed chemical mechanisms the GRI 3.0 (Smith et al., 2007) and 
SanDiego mechanism (Williams, 2007). 
The GRI 3.0 mechanism is a successor to the version 2.11 and comprises of 53 
species with 325 elementary chemical reactions (hydrocarbon + nitrogen chemistry) 
in comparison to the 277 elementary reactions and 49 species with GRI 2.11. Notable 
modifications include changes in CH kinetics which are important to the Prompt NO 
formation. A previous study conducted by Kim and Huh (2002) on the HMI flame 
has shown that the GRI 3.0 overpredicts NO twice as high as GRI 2.11 while the 
temperature and major species predictions are more or less similar to those from GRI 
2.11. However, these findings were obtained from CMC model based combustion 
calculations and hence, whether or not they could be generalized was questioned. 
Hence, performance of GRI 3.0 has been re-investigated with the present SUM based 
calculations. The second mechanism used in the investigation, the SanDiego 
mechanism, is relatively new and it has been developed along the similar lines as the 
GRI 2.11 and GRI 3.0. This mechanism comprises of 52 species with 454 reactions 
including detailed nitrogen chemistry which is based on the work of Hewson and 
Bollig (1996). Performance of this mechanism in turbulent hydrocarbon flames is not 
yet known and present investigation is expected to contribute to the knowledge in this 
mechanism's prediction capability. 
In addition to the detailed mechanisms, a reduced mechanism of Peters (1993) 
consisting of 53 elementary reactions for the hydrocarbon chemistry and 3 reactions 
for nitrogen chemistry has been investigated to verify the need for detailed chemical 
kinetics in the current bluff-body flames. The 3 step NO chemistry corresponds to the 
Zeldovich mechanism which accounts for the production of only thermal NO. Thus, 
SUM calculations with the reduced chemistry are expected to verify the extent 
thermal pathway alone contributes to the total NO in the turbulent flame and 
henceforth the need for detailed nitrogen chemistry. 
HM1 flame temperature and major species 
The mean temperature predictions of RANS calculations of HMIflame with SUM 
combustion model and RST turbulence model for the different chemical mechanisms 
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are compared to each other and measurements in Fig. 8.17. Similar to the findings of 
Kim and Huh (2002), no noticeable improvement in predictions are observed with the 
GRI 3.0 mechanism. The predictions from SanDiego mechanism are more or less 
similar to GRI 2.11 and GRI 3.0. Discounting the first and the last locations, 
predictions from the reduced mechanism are close to the predictions from all the three 
detailed mechanisms. However, the reduced mechanism results in a predominantly 
overpredicted distribution of mean C02 mass fraction and underpredicted mean 
distribution of CO mass fraction (Fig. 8.18). All the three detailed mechanisms can be 
observed to result in similar predictions for the mean C02 mass fraction. For the mean 
CO mass fraction both the GRI mechanisms result in similar predictions but the 
SanDiego mechanism shows deviations from the GRI mechanisms in the first and last 
location. For the other two major species investigated in the current study, H20 and 
OH (both not shown) all the mechanisms have been found to result in similar 
predictions. Thus, from temperature and major species comparisons, neither of the 
relatively new detailed mechanisms seem to give better predictions than GRI 2.11. 
Although reduced mechanism competes well with detailed mechanisms in regard to 
temperature, its performance is not consistent in regard to species. Detailed 
hydrocarbon chemistry is thus a necessity for the present study where both 
temperature and compositional structure are of interest. 
HM1 flame pollutant NO 
For each mechanism, NO has been post-processed from the steady transport equation 
based submodel (SLFM-NO-TRE) upon obtaining a converged mixing field from 
SUM calculations. The mean NO mass fraction predictions from all the four 
mechanisms are compared to measurements in Fig. 8.19. From the significant 
underprediction observed with 3 step Zeldovich's mechanism, it appears that Thermal 
NO accounts for only -50% of the total NO predicted by experiments. Hence, for the 
flame under investigation, it does seem important to account for the Prompt and 
nitrous oxide pathways of NO formation. Accounting for all the possible NO 
formation pathways through the different detailed mechanisms has resulted in 
different levels of overprediction of mean NO mass fraction. The predictions with 
GRI 3.0 are significantly higher than the corresponding predictions from GRI 2.11 
thereby in agreement with the findings of Kim and Huh (2002). With SUM, the GRI 
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3.0 predictions are up to 3 times higher than GRI 2.11. Thus, overprediction of NO 
seems to be the general problem with GRI 3.0 although the exact extent of 
overprediction can vary according to the combustion model. Since, the temperature 
and major species predictions do not deteriorate with GRI 3.0 and these are dictated 
by the hydrocarbon chemistry. the problem seems to be with nitrogen chemistry and 
in particular with higher rate coefficients in the Prompt mechanism. The nitrogen 
chemistry with SanDiego mechanism seems to have similar problems as with GRI 3.0 
as the predicted mean NO mass fractions are only slightly better than GRI 3.0 while 
they are still significantly higher than measurements and GRI 2.11. 
Overall. the GRI 2.11 stands out as the best amongst the tested mechanisms and hence 
has been used as the standard mechanism for the hydrocarbon flames in the current 
work. 
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8.2.5 Non-adiabatic flamelet modelling: results & 
discussion 
Here, the HM I flame has been modelled with the RANS based non-adiabatic models 
(NADM and NADS) and the non-adiabatic NO submodels in conjunction with RST 
model for turbulence. Predictions from non-adiabatic calculations have been 
compared with measurements as well as SUM predictions to study the performance 
of the non-adiabatic flamelet model and simultaneously asses the extent to which 
consideration of radiation heat loss could improve the accuracy of predictions 
observed with SUM. 
Predictions for the mixture fraction from all three models are compared with 
measurements and shown in Fig 8.20. The NADM model is in good agreement with 
measurements but shows no notable improvement over SUM. The overall heat lost 
due to radiation does not seem to be significant enough for the net heat released to be 
x/D=1.3 
20 30 
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adequately far from adiabatic conditions. Hence the effect on density and 
consequently the mixing field is not notable. The simplified model NADS, even 
without considering the effects of scalar dissipation rate, is able to produce similar 
predictions as NADM. However, this is expected for the mixture fraction since 
density has weak dependence on scalar dissipation rate in the non-premixed flamelets 
considered in the present study as previously observed from Fig 7.1 in Section 7.1.1. 
Similarity between the SUM and NADM models can be observed for the rms of 
mixture fraction fluctuations as well in Fig. 8.21. However, here the NADS model 
shows deterioration in performance with respect to NADM model in that it 
overpredicts the magnitude of peak fluctuations in mixture fraction along the inner 
shear layer within the recirculation zone and the radial distribution along the fuel rich 
zone of stoichiometry. 
Fig. 8.22 shows radial profiles of mean temperature. Here again, no signs of the effect 
of radiation heat loss are evident. Hence, the distribution of radiation heat loss within 
the flame from NADM calculations has been examined from the contours of mean 
enthalpy defect as shown in Fig. 8.23. The mean enthalpy defect contours show a 
certain presence of radiation loss. The maximum loss could be seen taking place right 
adjacent to the bluff-body wall where the flame stabilizes. In the immediate proximity 
of the wall (x/D < 0.25) the heat loss is fairly high varying between -150 to -100 W/ 
kg with steep gradients. However, for the majority of the flame further downstream 
where measurements have been obtained, the heat loss is far less and more uniform 
with an average of - -60 kJ/kg. This predicted level of heat loss does not translate into 
notable change in temperature and hence corresponds to weak radiation. However, its 
impact on major species and pollutant NO, still needs verification. 
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HMI flame. Predictions obtained from adiabatic and non-adiabatic RANS simulations 
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The C02 mass fraction profiles are shown in Fig. 8.24. NADM model shows a marked 
improvement over SUM at the first location where the radiation heat loss has been 
observed to be more pronounced. Further downstream locations, the NADM model 
predicts slightly higher C02 levels than SUM in the region close to the centreline 
where the mixture fraction levels are on the fuel rich side of stoichiometry. This 
behaviour Of C02 is a direct consequence of the effect of enthalpy defect on the 
flamelet C02 structure which is shown in Fig 8.25. As the imposed enthalpy defect on 
a flamelet increases, it can be seen that the C02 levels increase along the fuel rich side 
of the stoichiometry and decrease along the fuel lean side. Since, the mean mixture 
fraction along the fuel rich zone of the flame is slightly underpredicted, the predicted 
mean C02 mass fraction by SUM is higher than the measurements. Adding the 
radiation heat loss correction through enthalpy defect with NADM model then further 
increases the deviation. Hence, the deviation cannot be regarded as a deficiency of the 
non-adiabatic model, atleast the NADM model. 
The problem with simplifications in the non-adiabatic formulation is made 
discernable by theC02predictions from NADS model. The simplified non-adiabatic 
model, unlike for temperature, shows significant deviation from measurements and 
predictions from NADM model. This confirms the observation made in section 7.1.1, 
where the effect of scalar dissipation rate on flamelet structure for species mass 
fractions was found to be relatively stronger than on temperature and density. Figure 
8.26 shows comparisons for mean CO mass fraction. Contrary to the improvement 
observed withC02,, the NADM model results in an underprediction compared to the 
SUM model within the recirculation zone. Such an adverse effect on CO mass 
fractions has been observed by Marracino and Lentini (1997) as well in their non- 
adiabatic modelling of jet flames and the causes behind this behaviour are yet to be 
understood. However, the NADM model still does better than the NADS model 
within the recirculation zones. Improvement in predictions with the NADS model at 
the last two locations is misleading as the mean CO predictions with non-adiabatic 
formulation do not seem to show the overall correct trend. 
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Pollutant NO from steady non-adiabatic NO sub models 
Finally, the performance of steady non-adiabatic NO submodels, integrated with the 
non-adiabatic models, in predicting NO mass fractions is analysed. Upon obtaining 
converged mixing field from the NADM and NADS calculations, post-processing of 
NO has been carried out with the NADM-NO-TRE and NADS-NO-TRE respectively. 
The predicted radial profiles of mean NO from these steady non-adiabatic transport 
equation based submodels are compared to predictions from adiabatic calculations 
(SLFM-NO-TRE) and measurements in Fig. 8.27. 
The extent of overprediction observed with the adiabatic sub-model is expected to be 
reduced with the non-adiabatic models where consideration of radiation heat loss 
through enthalpy defect lowers the magnitude of peak NO source terms (as observed 
from Fig 7.5, Chapter 7) which enter into the NO transport equation. However, the 
effect produced by employing NADS model is contrary to the expectation. The 
predictions further deviate from SUM in that the peak NO mass fractions are scaled 
up by approximately 1.5 times. It has been observed from Fig. 7.2 (Chapter 7) that the 
NO source term is highly sensitive to even small variations in scalar dissipation rate 
and hence neglecting the effect of scalar dissipation rate seems to have marred the 
effect of considering radiation heat loss. This is further confirmed from the 
performance of NADM model which produces the correct effect of incorporating 
radiation heat loss in that the extent of overprediction observed with adiabatic model 
is consistently reduced. Although the improvement achieved with NADM is modest, 
the overall trend is quite promising especially when the flame under study is of 
weakly radiating nature. 
The existing discrepancy between the predictions from NADM model and 
measurements are considered to be manifestation of the inaccuracies in mixing field 
and the transient effects which are not accounted by the steady NO submodels. In 
addition, the extent the truncation (discussed in Section 7.1.2) in non-adiabatic 
flamelets may have compromised the accuracy of NADM model predictions has been 
called into question. Hence, an investigation into this issue has been carried out and 
the results are discussed in the following section. Subsequently, the influence of 
transient effects is discussed. 
-201- 
Modelhng of Turbulent Non-premixed Bluff-body and Jet Flames 
Impact of truncation in flamelets on accuracy of mean scalars 
As mentioned in Chapter 7, section 7.1.2, due to modified inlet conditions, the non- 
adiabatic flamelets are subjected to truncation in Z space. Hence the usual limits of Z 
which vary from Z=0 to I, are curtailed to Z=Z. to Zf, where Z,, = Z(ý) >0 and Zf = 
ZQ < 1. For the non-adiabatic flamelets, integration for mean scalars is split 
according to Eq. 8.1 and the first and third parts are neglected. 
.0 Z-Z. 0 Z-Zf 
f f«Z; X., ý)P(Z)P(X. )dZdX.  +f 
fý(Z; X; ý)P(Z)P(X, )dZdX 
0 Z-o 0 Z-Z. 
au z-1 f f«Z; y -ý)P(Z)P(y (8.1) 
For low enthalpy defects, Z. and Zf are close to 0 and I respectively and hence 
neglecting the contribution of first and last terms does not affect the accuracy of 
numerical integration. However, for higher enthalpy defects there is a concern that the 
first and last terms might have sizeable contribution and hence neglecting the terms 
might result in errors in the mean quantities viz. the mean temperature, major species 
and the mean NO source term. 
In order to verify this issue, a 'high enthalpy defect' (HED) zone as shown in Fig. 
8.28, has been identified within the HM1 flame computed from NADM model. The 
HED zone encloses the region of the flame where the enthalpy defect varies between 
the domain maximum of -150 kJ/kg and a cut-off limit of -105 kJ/kg. For enthalpy 
defects less than the cut-off limit, truncation in flamelets has been found to be 
insignificant enough to avoid any concerns over accuracy of integration. Hence the 
investigation can be focused solely on the HED zone to which the issue is confined. 
From each cell that is lying within the HED zone, the shape of the Favre averaged 
presumed PDF for mixture fraction, 5(Z) which corresponds to P PDF, has been 
extracted. Thus obtained comprehensive collection of PDF shapes are shown in Fig 
8.29 (a). From the plot, it can be readily inferred that for Z greater than 0.8 the value 
of JP (Z) is nearly zero for the entire range of PDF shapes. In other words, the 
truncation at the fuel end which is a maximum of -1% (for ý= -150 kJ/kg) for the 
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flamelets in the present study should have no affect on the accuracy of integration. 
The second inference that can be drawn from the plot is that the bulk of the PDF 
shapes have peaks clustered at or around the stoichiometric mixture fraction (Z,, 
0.05) with the P(Z)values dropping steeply as one moves towards oxidizer end. 
Thus indicating a weak influence of P(Z) near oxidizer end on the integrated mean 
values. 
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Figure 8.28: Predicted 'High Enthalpy Defect' zone and its sub-zone within HMI 
flame from RANS simulation carried out with NADM model in conjunction with RST 
model for turbulence closure. 
For a closer investigation, the HED zone has been split into 5 sub-zones (Fig. 8.29) 
and the PDF shapes within each sub-zone are separately plotted as shown in Figs 8.29 
(b) to (f). These plots help in discerning the influence of enthalpy defect on P PDF 
shapes. It can be observed that as the enthalpy defect increases, the profiles become 
narrower and the peaks shift further away from stoichiometric mixture fraction in the 
direction of richer Z. For the highest enthalpy defect range of -140 to -150 kJ/kg, all 
the extracted PDF shapes are clearly far from the oxidizer end. 
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This finding is interesting as it means that any influence of the increase in truncation 
on integration is negated by the shift of PDF away from the ends. In the computed 
non-adiabatic flamelets, the maximum truncation at oxidizer end is about +0.3% (for ý 
= -150 kJ/kg). Hence the maximum truncation on oxidizer end would still result in a 
Z,, which is safely lesser than the value at which P (Z) starts to contribute to the 
integration. 
Thus, it is confinned that the Z truncation in the non-adiabatic flamelets is expected to 
have minimal or no impact on the integrated mean density and reactive scalars for the 
entire range of enthalpy defects encountered in the computed I'larne. The dificrences 
between the NADM predictions and measured data for radial profiles ofternperature 
and major species are thus primarily due to the deviations in mixing field and hence a 
problem to be addressed by turbulence closure method. For mean NO mass fraction, 
transient effects may additionally contribute to the deviation and this is verified in tile 
following section. 
8.2.6 Influence of transient effects on NO 
Transient effects in globally steady flames are a result of the finite time required by 
the flamelet structure to adapt to the changes in scalar (mixture fraction) dissipation 
rate. However, the distribution of temperature and major species within a fully 
burning flamelet tends to adjust to the changes in the scalar dissipation adequately fast 
for the process to be assumed as steady. Hence, it is sufficient to represent the thermal 
and chemical (only the major species) structure of a fully burning turbulent t1aine with 
steady flamelets. 
However. the slow chemistry of NO does not allow for rapid changes in its structure 
with scalar dissipation rate. Assuming the process to be steady henceforth results in 
significant overprediction as previously shown in Fig. 8.16. The steady transport 
equation based adiabatic and non-adiabatic NO submodels (SLFM-NO-TRF and 
NADM-NO-TRE) provide simple work around to the problem. However, these 
models are not completely accurate as they still assume the process to be steady with 
the NO source term which enters the transport equation essentially obtained froni 
steady flamelets. An unsteady flamelet modelling has been found (Pitsch ei al. 1998, 
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Coelho and Peters, 2001a) essential to address the slow chemistry of NO in a more 
complete manner. Thus. the in-house RANS code has been equipped with unsteady 
NO submodels. SLFM-EPFM and NADM-EPFM to be used in conjunction with 
adiabatic (SLFM) and non-adiabatic (NADM) combustion simulations respectively. 
The mean NO distribution in HMI flame has been post-processed with each of these 
submodels by using the converged mixing field obtained from the CFD simulations 
with SLFM and NADM models. The post-processing with the unsteady models 
requires a greater effort than with the steady transport equation based submodels. An 
unsteady marker particle equation is solved until the particle completely exits the 
domain. Domain averaged conditional scalar dissipation rate ý,, is calculated at each 
time step thereby obtaining the variation of an average scalar dissipation rate with 
respect to time. The time evolution of ý,, obtained from calculations with NADM- 
EPFM submodel and the corresponding NO evolution obtained from solution of 
unsteady non-adiabatic flamelet equations (Eqs 7.1 and 7.2) are shown in Fig. 9.30 
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Figure 8.30: Time evolution of domain averaged conditional scalar dissipation rate (a) 
and the corresponding evolution of flamelet NO distribution (b). 
The average scalar dissipation rate can be observed to vary rather steeply till 0.03) sec. 
after which it reaches more or less a steady state. The effect of this variation on the 
laminar structure of NO is evident in Fig 8.30 (b). The peak NO mass fraction as well 
as its distribution in mixture fraction space rise steeply till 0.03 sec and reach a steady 
state thereafter. Thus, if only the steady state flamelet NO mass fraction distribution is 
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considered in a turbulent flame calculation (as is done with SLFM direct approach 
Fig. 8.16). the obvious result would be an overprediction in the mean No mass 
fraction. In EPFM. the entire evolution of NO is taken into account and it is weighted 
with the probability of finding the marker particle (Eq . 5.36) to evaluate the mean NO 
mass fraction at each location in the domain. The effect of this detailed accounting of 
the behaviour of flamelet NO distribution can be observed from Fig. 8.31 where 
predictions obtained from the unsteady NO submodels are compared to rneasureinents 
as well as predictions obtained from steady transport equation based submodels. 
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Figure 83 1: Steady vs. Unsteady NO submodels in RAN S calculations of IIMI I'lanic 
with RST model for turbulence closure. 
The importance of transient effects on mean NO mass fraction is evident from tile 
comparisons. By employing the unsteady NO subi-nodels, SUM-El"FM and NADM- 
EPFM, the NO distribution predictions are remarkably improved over the 
corresponding steady submodels throughout the length ofthe flame. The fact that the 
influence of transient effects is felt not only in the flame stabilization region but also 
in the neck and further downstream jet flame region projects the complexity of tile 
bluff-body stabilized flame and in a way justifies the selection ofthis Ilame for testing 
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the advanced models. Also, evident from the comparisons is that the transient effects 
have a greater influence on the mean NO predictions than the non-adiabatic effects tor 
this weakly radiating flame. Consideration of heat loss with the unsteady models can 
be observed to result in a similar level of improvement as with the steady models. 
However, the strategy of non-adiabatic flamelet model in conjunction with unsteady 
NO submodel NADM-EPFM certainly provides a more complete approach to 
modelling NO. 
Since, the effects of radiation heat loss are not prominent in the modelled I IM I flame, 
the predictive capability of non-adiabatic model NADM to account for the effects of 
radiation heat loss has not been made clear. Hence, the NADM model and its NO 
submodels have been tested in a relatively higher radiation heat loss conditions and 
the details are discussed in the follov, -ing section. 
8.3 Experimental study of Sandia D jet flame 
Similar to the Sydney bluff-body flames, the Sandia 1) jet flame has been prornoted by 
the TNF workshop community as a target flame t-or validation of' turbulent non- C, 
premixed combustion models. This flame has been experimentally studied by Barlow 
and Frank (1998) and Schneider et al. (2003). While the t1ori-ner conducted scalar 
measurements, the latter conducted measurements of the flow field. The burner 
consists of an axisymmetric jet centered in an annulus in which a number of'prenlixed 
flames are stabilised on a flame holder (Fig. 8.32). The burner is centered in an 
unconfined stream of co-flowing air. The premixed flames provide the heat source flor 
stabilizing the main jet to the burner's exit plane. The main jet inner diameter D-7.2 
mm with a pipe length exceeding 40D. The pilot's inner and outer diameters are 7.7 
mm and 18.2 mm respectively and the diameter of the outer wall ofthc burner is 18.9 
mm. The exit of the wind tunnel which hosts the co-flowing air stream is 30 cin by 30 
cm. The fuel jet consists of a 25% CH4 and 75% air by volume. The partially 
premixed fuel helps in reducing the length of the flame and provides a more stable 
flame than pure CH4. Hence, the flame can be operated at reasonably high Reynolds 
number (Re = 22,400) with little or no local extinction even with a modest pilot. 
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Figure 8.32: Experimentally obsen, ed image of Flame D (let , t) and close-up of the 
pilot flame (right). (Courtesy: Barlow and Frank (2007)) 
The mixing rates for this flame are high enough for the flame to burn as diffusion 
flame with a single reaction zone near the stoichiometric mixture fraction without any 
indication of premixed reaction in the fuel rich mixture (Barlow and I-rank, 2007). 
Hence although, the fuel is partially premixed, the flame can be categorised under 
non-premixed and the non-premixed combustion models could be tested. The pilot 
consists of a lean mixture of C2H-,, H% air. C02 and N2 with the same nominal 
enthalpy and equilibrium composition as methane/air at 0.77 equivalence ratio. The 
temperatures of fuel jet, pilot and co-flow are 294 K, 1880 K and 291 K respectively 
while the bulk velocities are 49.6.11.9 and 0.9 m/s respectively. 
8.4 RANS modelling of Sandia D jet flame 
The RANS based modelling of Sandia D has been conducted by several researchers in 
the past with the aim of studying the influence of thermal radiation in turbulent 
combustion processes. Coelho el al. (2003) employed full second moment closure for 
turbulence, laminar flamelet model for combustion and the discrete ordinates method 
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(DOM) for radiative transfer calculations. They studied the importance of considering 
spectral effects and turbulence-radiation interaction (TRI). The performance of 
different methods of accounting the turbulence-radiation was studied for the same 
flame by Coelho (2004). Recently, Xu et al (2006) studied the effect of considering 
TRI in Sandia D by employing a multiple-time scale k-r. turbulence model for 
turbulence, combination of PDF transport and Lagrangian flamelet model for 
combustion and a finite volume/ correlated-k method for radiation heat transfer. 
These works have shown that consideration of turbulence-radiation interactions can 
improve the predicted level of radiation heat loss and interactions are caused mostly 
by the fluctuations in temperature than in major species. It has also been observed that 
consideration of radiation heat loss results in notable improvements in temperature 
and NO predictions but the effect on major species is rather weak. Noticeable 
radiation effects on the entire thermo-chemical structure would have been ideal for 
studying the all-round performance of the non-adiabatic model in the present study. 
However, given the limited availability of experimental data for radiating flames of 
simple hydrocarbon fuels which provide NO measurements, it is encouraging that the 
level of radiation loss in Sandia D flame is adequate enough to result in notable 
variation in atleast temperature and the pollutant NO which is crucial for testing non- 
adiabatic NO submodels. 
The non-adiabatic flamelet model (NADM) employed in simulating the Sandia D 
flame in the current study excludes turbulence-radiation interactions. The radiative 
transfer calculations for mixing field, temperature and major species concentrations 
employ Discrete Transfer Method which falls under the class of detailed methods for 
accounting radiation heat transfer. For the NADM-EPFM submodel calculations, the 
unsteady flamelets assume radiation heat loss through an optically thin limit 
approximation. 
Simulations of Sandia D flame in the current study have been carried out with RST 
model for turbulence closure while combustion has been modelled using both 
adiabatic (SLFM) and non-adiabatic (NADM) flamelet models. Pollutant NO for the 
adiabatic calculations has been modelled using the steady NO submodel, SLFM-NO- 
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TRE. For the non-adiabatic calculations, both steady and unsteady non-adiabatic NO 
submodels NADM-NO-TRE and NADM-EPFM have been employed. 
8.4.1 Computational set up 
The RANS simulations for Sandia D flame employ a 2D axi-symmetric computational 
domain (Fig. 8.33) which starts from the burner exit plane in experimental 
configuration and extends in the axial direction by 80 jet diameters. Along the radial 
direction, the domain extends by 40 jet diameters. This domain has been discretized 
by non-uniformly spaced 141 nodes along axial direction and 104 nodes along radial 
direction and this grid has been verified to produce grid independent results. 
In regard to the boundary conditions, zero normal gradient conditions have been 
specified along the axis symmetry and co-flow boundary. Although not identified in 
the figure, the wall thickness of the main jet burner which separates main jet from the 
pilot has been considered and no slip condition with log-law based standard wall 
functions have been applied along the wall. The near wall Reynolds normal stresses 
are computed from turbulent kinetic energy using Eq. 4.34 while shear stress has been 
solved after imposing zero diffusion to the wall condition. At fuel, pilot and co-flow 
inlets, radial profiles of mean axial velocity obtained from experiments (Schneider et 
al., 2003) have been mapped. Turbulence at the inlets has been specified by mapping 
the experimental profiles for the mean Reynolds normal stresses Vuff, vV and the 
shear stress ýývý. The distribution of the mean normal stress component ; 7wý has 
been assumed to be equal to ýývý. In addition to the mean Reynolds stresses, mean 
turbulent kinetic energy k which is derived from the normal stresses and the mean 
dissipation rate Z which is obtained from Eq. 6.48 have been specified. 
For the fuel inlet, the mixture fraction Z is set to 1, while in the co-flow air stream it 
is set to 0. The pilot stream has a mixture fraction equal to 0.27 (Barlow and Frank, 
2007). The mixture fraction variance has been set equal to zero at all the inlets. For 
the NADM model, the enthalpies of various streams need to be specified. The 
enthalpy at each inlet is given by the summation of gross calorific value and sensible 
enthalpy. The enthalpy for ftiel stream hN, 1=9. OE+06 J/kg, co-flow stream ko. flow 
2.9 E+05 J/kg and the pilot stream hpjj,, j= hf,,,, .Z+ lion,,,. (l -Z). 
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Figure 8.33: Computational domain (top) and grid (bottom) used for RANS based 
modelling of Sandia D flame. Grid consists of 141 axial nodes by 104 radial nodes. 
8.4.2 Non-adiabatic flamelet modelling: results & 
discussion 
The temperature and enthalpy defect distribution obtained from the calculations 
conducted with NADM model in conjunction with RST model for turbulence closure 
are shown in Fig. 8.34. Flame stabilisation at the burner exit plane (x/D=O) due to the 
pilot flame can be observed in the predictions. Measurements show that the flame has 
a visible length of 67 D and a stoichiometric length of 47 D. Since, the cut-off 
temperature for visible length has not been reported, the latter has been used to 
compare the accuracy of predictions. The locus of the predicted stoichiometric mean 
mixture fraction has been plotted over the temperature distribution in Fig. 8.34. It can 
be observed that. the predicted stoichiometric length given by the location at which 
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the locus cuts the centreline, is approximately 45 D and hence in good agreement with 
measurements. From the distribution of enthalpy defect, it can be observed that the 
maximum enthalpy defect is --160 kJ/kg which is of the same order as the maximum 
defect observed in the HMI flame. However, focusing on the region bounded by 
x/D=40-75 and y/D=O- 3, it can be observed that enthalpy defect varies approximately 
from - 160 kJ/kg to -80 kJ/kg. The average heat loss is thus higher than that observed 
in HMI flame (--60 kJ/kg) and the loss occurs over a much wider region. This is 
expected to translate into a notable effect on reactive scalars. 
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Figure 8.34: Mean temperature (K) (top) and enthalpy defect (kJ/kg) (bottom) 
contours of Sandia D flame predicted by RANS simulation with NADM model. 
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In Fig. 8.35, mixing field predictions from NADM model are compared with its 
adiabatic counterpart SUM and measurements. Similar to the behaviour observed in 
HMI flame. the density field and hence the mixture fraction and its variance seem to 
be less influenced by the predicted level of heat loss. The overprediction in mixture 
fraction at locations x/D =60 and 75 is a manifestation of the discrepancy in spreading 
rate and centreline decay rate of the fuel jet which is underpredicted here. This 
discrepancy occurs despite reducing the Schmidt number for the scalars viz., the mean 
and variance of mixture fraction and mean enthalpy, to a value of 0.7 from the 
original 0.9 employed for HMI flame calculations. Hence, further tuning of the 
models constants in the pressure-strain term of the RST turbulence model and/or the 
C, 1 constant in the turbulent dissipation rate equation is necessary. However, tile 
existing level of accuracy for the mixing predictions was found to be adequate to 
study the effects of radiation heat loss on mean temperature and NO mass fraction 
distribution. 
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Figure 8.35: Radial profiles of mean and variance of mixture fraction at various axial 
locations in the Sandia D flame. Predictions from adiabatic and non-adiabatic RANS 
simulations with RST model for turbulent closure. 
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The radial profiles of mean temperature shown in Fig. 8.36. The location x[D =30.0 is 
less influenced by radiation heat loss as already shown by enthalpy defect distribution 
(Fig. 8.34) and hence both NADM and SLFM result in similar predictions for mean 
temperature. However the locations x/D=45,60 and 75 fall within the zone where 
enthalpy defects reach maximum levels. Consequently, the mean temperature 
predictions are appreciably improved with NADM model at these locations. The 
maximum reduction in temperature is achieved at x/D =60 where the dillerence in 
centreline mean temperature predicted by NADM and SUM models can be observed 
to be -200 K. Further downstream at x[Dý75. the extent of reduction is - 150 K and 
this is consistent with the enthalpy defect distribution. It is noteworthy that the 
predicted levels of improvement with the NADM model are close to those observed 
by Coelho el al. (200-3)) and similar to his findings, the major species were found to be 
less influenced by the consideration of radiation heat loss. This is illustrated in the 
Fig. 8.37 where the radial profile comparisons for mean C02 mass fraction are 
plotted. Signs of improvement at x/D=60 and 75 can be seen but the improvement is 
at best, modest. 
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Figure 8.36: Radial profiles of mean temperature (K) at various axial locations in the 
Sandia D flame. Predictions from adiabatic and non-adiabatic RANS simulations with 
RST model for turbulent closure. 
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Figure 8.37: Radial profiles of mean CO, mass fraction at various axial locations in 
the Sandia D flame. Predictions from adiab atic and non-adiabatic RANS simulations 
with RST model for turbulent closure. 
1. OE-04 
x/d=30 
1. OE-04 
x/d=45 a 0 
B. OE-05 - B. OE-05 - Expt 
-SLFM-NO-TRE 0 6. OE-05 - 
--, I 6. OE-05 ve *, ---- NADM-NO-TRE A AA. E -NADM-EPFM 
0 4. OE-05 4. OE-05 - 
z 
A A 
r 
A 2 OE-05 A . 
-100 02418 O. OE+006 2468 10 
1. OE-04 I. OE-04 
C x/d=60 x/d=75 
0 
8. OE-05 - 8. OE-05 - 
0 6. OE -05 6. OE-05 - AA, 
4. OE-05 4. OE-05 
z 
C 2. OE-05 2. OE-05 
O. OE+00 02468 10 O. OE+00 
I 
02468 10 
Ylu y/D 
Figure 8.338: Radial profiles of mean NO mass fraction at various axial locations in tile 
Sandia D flame. Predictions from adiabatic and non-adiabatic RANS simulations with 
RST model for turbulent closure. 
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Finally, the mean NO mass fractions are compared in Fig 8.38. Unlike the HMlflame 
where the transient effects dominate the radiation effects, the Sandia D flame shows 
dominant radiation effects. Comparing the steady non-adiabatic submodel NADM- 
NO-TRE predictions to its adiabatic counterpart SLFM-NO-TRE, remarkable 
improvements can be noticed at the locations x/D=45 to 75 which are also the 
locations where improvements in temperature have been obtained. Considering the 
complexity of NO chemistry, it is quite encouraging that a simple steady transport 
equation based approach could produce reasonably accurate results by considering the 
radiation heat loss. - 
Inclusion of transient effects in addition to radiation effects through the NADM- 
EPFM submodel helps in reducing the overprediction. However, transient effects are 
not as pronounced as they are in HMI flame. This perhaps could be explained by the 
relative lengths of the flames. The location x/D =75 in Sandia D flame corresponds to 
540 mm from bumer exit while the last location of experimental measurements x/D 
=2.4 in HMI flame corresponds to 120mm from burner exit. Thus, the residence time 
for the flamelets in Sandia D flame especially in the last two measurement locations 
must be much higher than in HMI flame which brings their chemical structure closer 
to steady state and henceforth decreases the transient effects. 
Overall, the strategy of turbulent flame calculations with NADM model and NO 
modelling with NADM-EPFM submodel provides a promising approach of modelling 
the detailed structure of turbulent non-premixed flamcs. By accounting for both the 
effects of radiation heat loss and transient nature of NO evolution, the strategy 
provides reasonable level of improvement over SUM based modelling in accuracy as 
well as robustness. Additionally, for flames where transient effects are not 
pronounced, the strategy of NADM in conjunction with a much simpler NADM-NO- 
TRE submodel provides a valuable alternative. Future works can help in further 
corroboration of the predictive capability of the NADM model by employing the 
model in highly radiating flames where the effect of radiation heat loss on major 
species mass fractions is significant. 
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Modelling of Turbulent Partially- 
premixed Lifted Jet Flame 
In this chapter, results of the investigation carried into the capability of the 
Flamelet/Progress Variable (FPV) approach based combustion models, namely the 
FPV-8 function model and FPV-P function model, to account for turbulent partially 
premixed combustion occurring in a partially premixed lifted jet flame has been 
presented. Both the FPV models have been incorporated in LES as well as RANS 
frameworks thereby facilitating investigation of their predictive capabilities in both 
the simulation techniques. Additionally, RANS and LES based modelling has been 
carried out with SUM to confirm its limitations. 
The test case selected for modelling is the Berkeley CH4/air lifted jet flame in vitiated 
co-flow, experimentally studied by Cabra el aL (2005). The vitiated co-flow results in 
conditions similar to those encountered in gas turbine combustors and furnaces when 
a partial. ly premixed fuel interacts with recirculating hot combustion products. In 
addition, the vitiated co-flow introduces auto-ignition as a possible mechanism for 
flame stabilization in addition to premixed flamelet front propagation (Cabra et aL, 
2005). 
Description of the experimental set up and conditions for the test case have been 
presented in section 9.1. Computational set up for the RANS simulations is presented 
in section 9.2 while the set up for LES is presented in 9.3. A total of six simulations, 
three each in RANS and LES have been carried out using the SUM, FPV-8 function 
model and FPV-P function model for the baseline line case conditions reported by 
Cabra et aL (2005). Results obtained from these simulations have been discussed in 
the final section, 9.4. 
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9.1 Experimental study of Berkeley lifted jet 
00 flame in vitiated co-flow 
A schematic of the burner used for the experimental investigation of the partially 
premixed lifted jet flame by Cabra et aL (2005) is shown in Fig. 9.1 (a). It consists of 
a central nozzle with inner diameter of 4.57 mm and outer diameter of 6.35 mm. Fuel 
jet consisting of a mixture of 33% CH4 and 66% air at a temperature of 320 K is 
issued from the. central nozzle with a bulk velocity Vjet=100 m/s. Surrounded by the 
central nozzle is a perforated plate of 210 mm diameter through which vitiated co- 
flow air is issued at a velocity V,. j1OW=5.4 m/s. The surface of the perforated plate is 
located such that it is at a distance of 70 mm below the exit plane of the fuel nozzle. 
The vitiated co-flow consists of products of lean premixed H2/air flame (equivalence 
ratio = 0.4) at 1355 K. The entraimnent of ambient air into the co-flow has been 
delayed by incorporating an exit collar which surrounds the perforated plate. This and 
the significantly larger diameter of coflow compared to the fuel jet, make the flow- 
field of interest unaffected by the ambient air. Hence the flame can be treated 
computationally as a two-stream problem. The conditions presented above correspond 
to the baseline case studied by Cabra et aL (2005). 
Experimentally captured image of the lifted flame is shown in Fig 9.1 (b). The lift-off 
height H, nominally corresponds to an average stabilization position of the flame. The 
absolute lift-off height H has been determined in the measurements by considering the 
lowest point where the luminosity of the flame has been detected. For the baseline 
conditions, the measured mean lift-off height normalized over fuel jet diameter has 
been reported to be H/D - 35. It has also been observed in the experiments that the 
lifted flame base is highly unstable and fluctuates by several times the jet diameter 
thereby resulting in extinction and re-ignition. The current lifted jet flame thus tests 
the capability of FPV models to predict the extinction and re-ignition phenomena as 
well. 
The sensitivity of the lift-off height with respect to velocities of the jet and coflow and 
the coflow temperature has been studied through experimentation as well as Joint 
-219- 
Modelling of Turbulent Partially-pre mixed Lifted Jet Flame 
PDF calculations with modified-curl mixing model by Cabra et al. (2005) and the 
results showed that the co-flow temperature was most influential. A5% drop in 
coflow temperature was found to roughly double the lift-off height. An important 
result from the parametric study was that auto-ignition of very lean mixtures which 
have the shortest ignition delay might be the controlling mechanism. This was based 
on the argument that the modified-curl mixing model which relies entirely on auto- 
ignition for initial flame stabilization was able to capture the measured sensitivity of 
lift-of height to coflow temperature. However, the experimental scattered data 
although limited with respect to number of measured locations, did not show such a 
preference for reactivity at very lean mixtures and hence the relative importance of 
auto-ignition and turbulent edge flame propagation in stabilizing these flames is still 
under investigation. 
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Coflow 
Vitiated Coflow 
(2200 flames) 
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Figure 9.1: (a) Burner schematic and (b) measured image of a turbulent CH4/air lifted 
jet flame in vitiated coflow. (Cabra et al. 2005). 
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9.2 Computational set up for RANS 
The RANS calculations of the lifted flames have been carried out in a 2D axi- 
symmetric computational domain. Fig. 9.2 shows the computational domain which 
has been aligned vertically. Calculations are started from downstream (- 15 D, where 
D =jet diameters) of the burner exit plane. This allows for fully developed flow at the 
bumer exit plane. The bumer wall thickness has been modelled and this separates the 
fuel jet and coflow until the bumer exit plane. The computational domain extends by 
-I 10 D from the burner exit plane in the axial direction and by -22D in the radial 
direction. These lengths were selected to ensure that the predictions in the region of 
interest are not influenced by the boundary conditions on outlet plane and the co-flow 
boundary. At the outlet boundary, outflow conditions have been specified while 
symmetry conditions have been specified along the axis of symmetry and the co-flow 
boundary. Along the wall boundaries, no-slip conditions have been imposed along 
with log-law based standard wall functions. 
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Figure 9.2: Computational domain and grid for RANS based simulations of Berkeley 
CH4/air lifted flame. The grid consists of 198x I 10 nodes. 
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Near wall Reynolds stresses have been computed from turbulent kinetic energy using 
the algebraic ftinctions (Eq. 4.34) while the shear stress has been solved with the 
condition of zero diffusion to the wall. At the inlets to the domain, bulk velocities, 
turbulent intensity (1%) and length scale (0.07 x inlet diameter) have been specified. 
The inlet Reynolds normal stresses have been derived from turbulent kinetic energy 
by assuming isotropic turbulence. The mean mixture fraction at the inlet of the 
premixed fuel stream has been specified as unity while for the vitiated coflow it is 
specified as zero. The variance of mixture fraction has been specifled as zero at both 
the inlets. These conditions are sufficient for carrying out SUM based calculations. 
Calculations with FPV 8 function model require specification of mean reaction 
progress variable e. This has been given as zero at both the inlets. For FPV 0 function 
model the variance of reaction progress variable 
F-' 
needs to be additionally 
specified and this has been given as zero at both the inlets. The progress variable 
based FPV calculations require a source of ignition to start the calculations. This has 
been provided by patching a small region along the axis of symmetry with a value of 
(ý which corresponds to burnt mixture. It is to be noted here that the choice of the 
location of ignition did not prove to be of any consequence to the mean flame 
stabilization height obtained after convergence of the calculations. 
In the Fig 9.2, the grid used for the computations has also been shown. This grid has 
been tested to produce grid independent results and it consists of 198 non-uniformly 
spaced nodes along the axial direction and 110 non-uniformly spaced nodes along the 
radial direction. 
9.3 Computational set up for LES 
The LES simulations employ a three dimensional computational domain which is 
shown in Fig 9.3a. It extends axially (Z direction) 410 mm downstream from fuel jet 
inlet (-90 D) and has a square cross section with dimensions along X and Y extending 
up to 200mm (-44D). Unlike the RANS computations, the LES computations start 
right at the exit of the bumer. Hence, as previously mentioned in section 6.6, mean 
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velocity distribution at the fuel inlet is specified through a 1/7 th power law profile (Eq. 
6.34). Measured co-flow mean velocity profiles at the bumer exit plane were found to 
be more or less uniform (Cabra el aL, 2005) and hence, plug flow has been specified 
along the coflow inlet in the computations. At both fuel and co-flow inlet, turbulent 
fluctuations have been superimposed on the mean velocity by scaling the measured 
rms values of turbulent fluctuations with random numbers obtained from a Gaussian 
distribution. At the fuel inlet, filtered mixture fraction has been set to unity while it 
has been specified as zero at the coflow. For the FPV models, the filtered progress 
variable and its subgrid variance have been set to zero at both the inlets. 
All the walls have been treated as adiabatic and impermeable. Along the burner wall 
thickness which separates the fuel and co-flow inlets no-slip and zero normal gradient 
conditions have been assumed and the near wall flow has been modelled using log- 
law based wall functions. The co-flow boundaries were assumed to be artificial 
friction less walls and hence free-slip and zero normal gradient conditions have been 
imposed. At the outlet plane, convective outlet boundary conditions have been 
imposed. 
Similar to RANS, computations with FPV model in LES too require a computational 
source of ignition at the start Q =0 sec. ) of the time dependent calculations. This has 
been provided by patching a small region along the centerline (Z axis) with a value of 
(ý corresponding to burnt mixture. Here again, the location and size of the patched 
region has been found to be of no consequence to the time averaged flame 
characteristics obtained at the end of the calculations. To nullify the effect of initial 
conditions on the final results, calculations with both SUM and FPV models were 
run for a sufficiently long time (about 30 ms for the FPV models) before the 
collection of statistics for evaluation of the time averaged structure of the flame. 
Adequate samples have been collected in the statistics collection phase of the run by 
allowing for a minimum of 7 flow passes. The calculations have been advanced in 
time with a time step such that the variation in Courant number was limited to the 
range, 0.2 to 0.8. 
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Figure 9.3: (a) Computational domain and (b) grid used for LES based modelling of 
Berkeley CH4/air lifted jet flame 
For the simulation with SLFM model, the modelled scalar dissipation rate (Eq . 5.21) 
has been found to result in instability in the beginning of the calculations due to 
significant fluctuations in density. To overcome this problem, LES calculation with 
SLFM has been carried out initially with a constant scalar dissipation rate 
corresponding to equilibrium conditions for a minimum of two flow-passes (-10 ms). 
The instantaneous solution at the end of this calculation has then been used as initial 
conditions for the main calculation where vafiation in scalar dissipation was 
accounted. For the simulations with FPV models, no instability issues have been 
encountered either due to the chemical source term or the progress variable variance 
source terrns. 
The grid used for the computations is shown in Fig. 9.3 (b). The rectangular grids in 
z-y and x-y planes correspond to hexahedral cells in their three dimensional form. The 
distribution of grid points was not determined by any systematic rules, but rather by 
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experience and trail-and-error, although general requirements are that the grid should 
be smooth and refined along the axial direction at the fuel jet. The size of the grid is 
85 x 85 x 150 cells in the X, Y and Z directions, respectively, and has been 
determined by cost considerations as the largest grid on which the simulations could 
be completed in a reasonable span of time. All the simulations have been serially 
processed on the in-house Linux High Performance Computing facility, Husky. The 
SUM model based calculation required a total processing time of about 40 days 
while both the FPV models required nearly 30 days. The calculation with FPV-P 
function model however demanded significantly higher amount of RAM than that 
with the FPV-8 function model. 
9.4 Results and discussion 
In this section, predictions from RANS and LES based modelling with the three 
chemistry models, the SUM, FPV-8 function model and FPV-P function model are 
compared to one another as well as with experimental measurements. The aim of 
these comparisons is to verify the accuracy with which the FPV models are able to 
capture the gross characteristics and behavior of the flame, such as flame lift-off, 
ignition and extinction associated with fluctuating flame base. Calculations of mean 
distributions of major species concentrations and pollutant NO are not the target of the 
current work. The results obtained from the three models with RANS calculations are 
presented first. 
9.4.1 Performance of SUM & FPV models in RANS 
Mean mixing field and temperature distribution 
The mean mixture fraction contours are shown in Fig 9.4. In each of the plots, the 
stoichiometric mixture fraction (Zst=0.17) contour has been identified. For the SUM, 
the shape of the contour and gradual spreading of the jet resemble the mixing 
characteristics in a typical diffusion flame. For the FPV-5 function model, careful 
observation of the Zst contour and its fuel lean surroundings at x/D - 15 reveal a 
sudden expansion. This expansion is more pronounced with the FPV-P function 
-225- 
Modelhng of Turbulent Partially-premixed Lifted Jet Flame 
model and is observed to take place further downstream, x/D - 40. This expansion 
suggests a sudden rise in the heat release due to chemical reaction. Another noticeable 
difference between the models is in the level of fuel jet penetration. The level of 
penetration is highest with SLFM and lowest with the FPV 0 function model which, 
indicates that the level of entrainment of the vitiated co-flow air into the fuel jet is 
more in case in SUM. The effect of these differences in mixing field on the 
temperature distribution can be observed in Fig 9.5. The higher level of jet 
penetration with SLFM is in fact an indication of an attached flame. The presence of a 
flame attached to the rim of the burner inhibits the entrainment of the vitiated coflow. 
The attached flame is illustrative of the inability of SUM to handle partially 
premixed combustion typical in turbulent lifted flames. With quenching of partially 
premixed flamelets as the only possible means to a detached flame and no account of 
the degree of completeness of a chemical reaction, the SUM is inadequate to predict 
flame lift-off. 
On the other hand, both the FPV models are quite successful in predicting the lift-off 
phenomenon. The sudden expansion in mixture fraction distribution observed with the 
FPV models at a particular location above the burner corresponds to the stabilization 
of the flame at that location. Upstream of the base of the flame corresponds to an inert 
mixing zone where the premixed fuel jet mixes with the hotter vitiated coflow which 
not only increases the temperature of the fuel prior to ignition but also makes the fuel 
leaner. Stabilization of the flame with both the FPV models can be observed to take 
place along the stoichiometric contour. 
However, the height at which the flame stabilizes above the burner seems to be 
influenced significantly by the form of the PDF for reaction progress variable. The 5 
function model ignores the fluctuations in progress variable which, although 
simplifies the FPV formulation, is a gross treatment especially when used with 
RANS. As a consequence, the flame stabilizes at almost half the height at which 
flame stabilization is predicted by the P function model. In the P function model, the 
chemical source term is influenced by both the mean and variance of reaction progress 
variable and this can be observed to result, not only in a greater lift-off height but also 
a wider flame base. Given the measured lift-off height H/D - 35, the flame structure 
predicted by FPV-P function model seems to be in better agreement. 
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Figure 9.4: Predictions of mean mixture fraction contours from RANS simulations of 
Berkeley CH4/air lifted jet flame at baseline conditions. 
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Figure 9.5: Predictions of mean temperature contours from RANS simulations of 
Berkeley CH4/air lifted jet flame at baseline conditions. 
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For a quantitative comparison with the measured lift-off height, a definition has to be 
in place for estimating the lift-off height from predictions. As previously mentioned, 
the definition of lift-off height as per the measurements relies on the lowest location 
where luminosity in the flame is detected. Measurements also indicate that the peak of 
the light emitting species occurs at nearly the same location as the peak of the 
maximum heat release. Cabra el al. (2005), for their predictions from Joint PDF 
calculations. employed a definition based on the average of the axial locations where 
peaks of CH4 and C-, H, occur. These intermediate species have been observed to 
bracket the maximum heat release according to their results from auto-ignition 
calculations. For the current computations with FPV models, use of the above 
definition is prohibited by computational cost considerations. Hence, the axial 
location, at which peak chemical source term which is representative of peak heat 
release, has been used to estimate the lift-off height. 
Mean chemical source term distribution 
The distributions of mean chemical source term as predicted by each of the FPV 
models are shown in Fig 9.6. A distinct thin zone where the chemical source term is 
subjected to steep variation can be observed in both the plots. This zone corresponds 
to the mean lifted flame base and it can be seen that the FPV-6 function model 
predicts a narrower flame base as compared to P function model. Within this zone, the 
peak values of the chemical source term are found to occur at or around the vicinity of 
stoichiometric mixture fraction. For a model which does not consider the variance in 
progress variable. it is expected that the chemical source term be higher than when 
variance is considered. The peak value of chemical source term as predicted by FPV-6 
function model is - 600 (kg/kg-s) although the maximum level in the contours has 
been curtailed for the sake of clarity. And this occurs at the axial location x/D - 17.2 
which is in comparison to the measurements is nearly 50% shorter. In comparison to 
this. FPV-P function model predicts a peak value of chemical source -350 (kg/kg-s) at 
the axial location x/D - 43. Thus, although the lift-off height is overpredicted by 
about 27%, the FPV-P function model clearly has better physics incorporated. For 
further investigation into the performance of the FPV models, comparisons have been 
made between the predicted and measured radial profiles of mean mixing field and 
mean temperature. 
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Figure 9.6: Predicted distribution of mean chemical source term from RANS 
simulations of Berkeley CH4/air lifted jet flame at baseline conditions. 
Radial profiles of mean temperature 
Figure 9.7 compares the measured radial profiles of mean and rms fluctuations of 
mixture fraction with predictions from RANS-FPV calculations at various axial 
locations in the flame. At x/D=1.0, which is the location right adjacent to burner exit, 
measurements indicate steep variation in the mean mixture fraction which 
corresponds to inert mixing while the rms fluctuations indicate a sharp peak 
corresponding to the shear layer between the jet and coflow. At this location 
(x/D=1.0), the mean mixture fraction predictions from both the FPV models are in 
good agreement with measurements while the predictions from SUM show a slightly 
broader profile that suggests an attached flame. The peak value of rms fluctuations at 
this location is overpredicted by all the models while the SUM predicts a broader 
profile. The presence of chemical reaction and hence an attached flame with SUM is 
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apparent from the radial profiles of mean temperature shown Fig 9.8. At x/D=1.0, the 
SUM predictions show a sudden rise in the temperature above the coflow 
temperature of 1355 K while both the FPV models capture the measured behavior. 
At x/D =15.0, the measured mean and rms fluctuations of mixture fraction and 
temperature profiles are slightly broader as compared to the first location however no 
sign of chemical reaction is indicated as the maximum temperature corresponds to 
that of coflow. The broadening is hence entirely due to the entrainment of the vitiated 
air into the jet which also raises the temperature of the fuel jet. The SUM results in 
significant overprediction in the mean and rms fluctuations of mixture fraction as well 
as the temperature which corresponds to the unrealistic chemical reaction at this 
location. The mean mixture fraction predictions from both the FPV models at this 
location are in good agreement with the measurements although the predicted radial 
distribution is somewhat broader. Since, the conditions at this location are of pure 
inert mixing, the discrepancy in mean mixture fraction seems to be entirely due to the 
overprediction of jet spreading rate by the RST turbulence model. This also seems to 
be cause for the overprediction in the rms of mixture fraction fluctuations and the 
slight underprediction observed in the mean temperature at this location. 
At x/D =30.0, the measured mean temperature profile still shows no indication of 
chemical reaction. However, both SUM and FPV-8 function model indicate the 
presence of a flame. The predicted mean temperature profiles provide an indirect 
indication of the location of flame stabilization. As already mentioned, the FPV-5 
function model underpredicts the mean lift-off height and results in flame stabilization 
at x/D -17.2. The presence of flame increases the extent of penetration of the jet and 
the radial spread and this explains for the significant overprediction in the mean and 
rms fluctuations with the FPV-8 function model as well as SUM. The FPV-P 
function model however predicts an inert mixing zone inline with the measurements 
at this location. 
At x/D =40.0, the measured mean temperature profile indicates the existence of 
chemical reaction with the peak value of mean temperature (1500 K) exceeding the 
coflow temperature. This corroborates the measured observation that the flame 
stabilizes at x/D -35. Both SUM and FPV-8 function models result in appreciable 
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overprediction of the mean temperature as well as the mean and rms fluctuations of 
mixture fraction due to the early occurrence of the flame. On the other hand, the mean 
temperature profile predicted by the FPV-P function model still shows no signs of 
chemical reaction with the maximum mean temperature still equal to that of coflow 
(1355 K). This corroborates the finding that the FPV-P function model ovcrpredicts 
the lift-off height and hence even at x/D=40.0, the model predicts inert mixing 
condition. The overprediction in mean stabilization height with FPV-P function model 
explains for the discrepancy in its predictions of mean temperature and the mean and 
rms fluctuations of mixture fraction. The predicted mean temperature and mixture 
fraction at the centerline however can be observed to be in good agreement with 
measurements. This is because, in practice, although the flame stabilizes at x/D =35.0, 
its fuel core extends by more than 5D before a substantial change in mixture fraction 
or temperature due to entrainment could be felt. Hence, at x/D=40.0, the measured 
centerline mean temperature is only a 100 K higher than that at x/D=30.0. 
From the distribution of chemical source term (Fig 9.6) it was found that the FPV-P 
function model predicts flame stabilization at x/D - 43. This finding is validated by 
the prediction of chemical reaction by FPV-P function model at x/D=50.0. The FPV-P 
function model along with SUM and FPV-8 function models, predicts peak mean 
temperatures close to 2000 K. However, the measured centerline and peak 
temperatures are much lesser (by 500 K) than the predictions from all the three 
models at this location (x/D=50.0). 
The overprediction in mean temperature with both the FPV models at this location 
seems to be a manifestation of the discrepancies observed in the predicted mean 
stabilization heights. Also, Cabra et al. (2005) reported from their measurements that 
the flame base was found to fluctuate along the vertical distance by several jet 
diameters (x/D=30 to 50 or more). Fluctuation of the flame base is associated with 
extinction and re-ignition phenomena which consequently result in mean temperatures 
than are lower than those observed with a stable flame base. Thus, it seems that the 
RANS calculations with FPV models are unable to account for fluctuation in the 
flame base. 
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Figure 9.7: Radial profiles of mean and rms fluctuations of mixture fraction at various 
axial locations in Berkeley CH4/air lifted jet flame. Predictions correspond to RANS 
calculations at baseline conditions. 
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Berkeley CH4/air lifted jet flame. Predictions correspond to RANS calculations at 
baseline conditions. 
Also, present calculations have not considered the effects of radiation heat 
loss which may be important given the high temperatures prevalent at this location. 
(x/D =50.0). Thus, it is not clear as yet whether the overprediction in mean 
temperature observed at this location (x/D=50.0) is due to (1) omission of radiation 
heat loss or (2) limitations in steady RANS modelling approach or (3) limitations in 
the FPV formulation. The results obtained from LES based modelling with FPV 
models (discussed in section 9.4.2), provide a fair idea on the extent factors 2&3 
contribute the discrepancy. 
Finally, at x/D =70.0 which is sufficiently far from the flame stabilization region, the 
measured and predicted mean and rms fluctuations of mixture fraction and the mean 
temperature are in good agreement for all the three models. The fact that the 
predictions from SUM are similar to those from FPV models indicates that the flame 
at this location bums essentially as a diffusion flame and the reaction has reached its 
completion which corresponds to the condition of maximum progress variable in the 
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FPV calculations. Also, the fluctuations in reaction progress variable are negligible as 
indicated by the similarity in the predictions of both the FPV models. 
9.4.2 Performance of SLFM & FPV models in LES 
In LES of reacting flows, all the chemical scales are unresolved and hence, similar to 
RANS, combustion is entirely modelled. Thus, the combustion models, SUM, the 
FPV-8 function model and the FPV-P function model, are common to both RANS and 
LES expect for the few differences discussed in Chapter 5. However, in LES, the 
large scales of turbulence which contain the majority of the turbulent kinetic energy 
and have significant influence on mixing characteristics, are resolved unlike in RANS 
where all the scales of turbulence are modelled. Since turbulence and chemistry are 
coupled in reactive flows through the variable density, elaborate accounting of 
unsteady large scale turbulent motion, in principle, is expected to improve the thermo- 
chemical structure predictions of the turbulent flame in comparison to RANS. Thus, it 
is of interest to verify the predictive capability of the combustion models, particularly 
the FPV-8 function and 0 function models in LES. Also, since LES involves time 
marching calculations, it is of particular interest to verify the ability of the FPV 
models to capture the unsteady phenomenon of fluctuating flame base. 
Mean temperature distribution 
The mean temperature distributions predicted by SUM, FPV-5 function model and 
FPV-P function model when employed in LES are shown in Fig 9.9. The mean 
temperatures have been obtained from LES by time averaging the instantaneous 
filtered temperatures collected for a time period of 30 ms during the statistics 
collection phase of the LES run. From the mean temperature contours, it is clear that 
the trend observed with RANS simulations has been reproduced by LES. The SUM 
results in an attached flame while both the FPV models are able to predict flame lift- 
off with the FPV-5 function model predicting a shorter lift as compared to the FPV-P 
function model. 
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Figure 9.9: LES predictions of mean temperature (K) contours for Berkeley CH4/air 
lifted jet flame at baseline conditions. Contours plotted along the mid-plane (X=O) of 
the LES computational domain. 
For the FPV-P function model, the mean temperature predictions from LES show a 
noticeable difference in comparison to RANS (Fig 9.5). The lowest axial location 
where the mean temperature crosses the co-flow temperature (Tc = 1355 K) is 
lowered by more than 10 jet diameters with LES in comparison to RANS where the 
crossover occurs only after x/D - 40. This is expected to correspond to a stabilization 
height lower than that predicted with RANS (x/D - 43). Infact, using the peak 
chemical source term as the indicator for the location of flame stabilization, the 
stabilization height with FPV-P function model in LES has been found to occur at the 
axial location z/D - 35.4. This is in excellent agreement with the measured lift-off 
height of H/D - 35 thereby indicating a remarkable improvement in the predictive 
capability of the FPV-P function model. 
Another noticeable difference in the LES and RANS mean temperature predictions 
with the FPV-P function model is in the axial length of the fuel rich core region that is 
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surrounded by the flame base or the flame stabilization region. The axial length of the 
fuel core region has been identified by Lc in Fig 9.9. For convenience of studying the 
differences between LES and RANS predictions, Lc is defined here as the distance 
between the upstream and downstream ends of the flame stabilization region where 
the mean temperature equals the coflow temperature. The boundary which demarcates 
the region of the flame which has a mean temperature less than equal to coflow and 
the region with a mean temperature above coflow has been identified by Tc in the Fig 
9.9. The LES predictions show the core extending by roughly IOD (Z/d - 30 to 40) 
while the RANS FPV-P function model predictions (Fig 9.5) indicate a core of 
roughly half the length (x/D-41 to 45). 
Similar differences between LES and RANS could be observed with mean 
temperature predictions from FPV-8 function as well. The RANS predictions (Fig 9.5) 
indicate that the fuel core region surrounded by flame stabilizationregion extends by 
- 15D (x/D -16 to 31) while LES predictions show the core region extending by 
-20D (x/D -15 to 35). The stabilization height with FPV-8 function model in LES has 
been found to occur at the axial location z/D - 24.4 based on the peak chemical 
source term. This is an encouraging improvement in comparison to RANS where the 
predicted height with the FPV-5 function model was x/D -17.2. However, in 
comparison to the measured lift-off height, the LES FPV-8 function model predictions 
are still 30% lower. 
An increase in the length of the core observed with both the FPV models could be an 
indirect indication that the LES calculations are able to predict extinction and re- 
ignition associated with the unsteady behavior of the flame base. This is based on the 
argument that if the flame base were to fluctuate by several diameters along the axial 
length, the length of the central core too should extend by similar magnitude and 
eventually the mean length of the core should be longer than that for a stable flame 
base. In order to verify if there is any merit in this argument, instantaneous snapshots 
of filtered temperature distribution have been studied. 
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Instantaneous temperature distribution 
In Fig 9.10, the instantaneous filtered temperature distributions predicted by LES 
FPV-P function calculations have been shown for 6 different times. In all the contour 
plots, the boundary Tc serves as a guide for locating the flame base and consequently 
the fuel core region that it surrounds. The instantaneous shape of the flame base can 
be observed to be highly asymmetric and corrugated and varies significantly with 
respect to time. 
At time t=0.0 ms, the fuel core region has an axial length of roughly 10 D (z/D- 30 
to 40) and its width is rather uniform. At time t =2.5 ms, the downstream end of the 
flame stabilization zone can be observed to have extended till x/D - 53. This 
corresponds to a fuel core region of length -23 D which is double that observed at 
t--O. O ms. The width of the fuel core region is no longer uniform and its reduces from 
the upstream end of flame stabilization to the downstream end. At time t =5.0 ms, it is 
evident that the waning of the downstream end of flame stabilization zone has already 
begun. The length of the fuel core can be observed to have decreased by 
approximately 5D while the fuel core has partly regained uniformity in its width. As 
the location of the downstream end of the flame stabilization zone decreases to z/D < 
40 at time t=1 1.5 ms, the length of the fuel core too can be observed to have 
decreased to less than 10 D. And this decrease in the length is associated with an 
increase in the width of the fuel core which is now more uniform than at time t=0.0 
ms. Thus, the fluctuation in the downstream end of the flame stabilization zone has a 
direct influence on the characteristics of the fuel core region. 
Therefore, it is confirmed that the increase in the mean length of the core observed in 
the LES predictions (Fig. 9.9) of both the FPV models is indeed an indication of the 
ability of the models to predict the fluctuation in the flame base and hence the 
phenomenon of extinction and re-ignition. The instantaneous plots in Fig 9.10 indicate 
that the predicted fluctuation is mainly that of the downstream end of the flame 
stabilization zone and it occurs in both axial and lateral directions. The extent of 
fluctuation in the height of the upstream end of the flame stabilization zone which lies 
more or less on the Z, t contour is not appreciable. Hence the predicted extinction and 
re-ignition is essentially on the fuel rich side of the stoichiometric mixture fraction. 
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Figure 9.10: Variation in the instantaneous filtered temperature (K) distribution with 
respect to time. LES FPV-P function model predictions of Berkeley CH4/air lifted jet 
flame at baseline conditions. All contours plotted along the mid-plane (X=O) of the 
LES computational domain. 
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Similar findings have been found from the instantaneous filtered temperature 
distributions of FPV-8 function model and hence not shown here. The quantitative 
accuracy of these findings has been verified by means of scattered temperature data 
comparisons which are discussed next. 
Scattered temperature data 
In addition to the radial profiles of mean mixing field and reactive scalars, Cabra el al. 
(2005) have provided the scattered data of temperature for the CH4/air lifted jet flame 
for the baseline conditions. In the LES calculations with FPV models, the 
instantaneous filtered temperature distributions across the domain have been stored 
over a period of 30ms during the statistics collection phase of the run. These 
distributions were used to extract the predicted scattered data for temperature. 
In Fig 9.11, the experimental and measured scattered data for temperature has been 
plotted for various axial locations in the flame along the mixture fraction space. The 
experimental data at the first (z/D=30.0) and the last (z/D=70.0) locations correspond 
to the two limiting states of the turbulent flame. The majority of the experimental 
samples at location z/D=30.0 represent the inert mixing state while those at z/D=70.0 
are fully reacted and represent equilibrium limit. Between these two locations, the 
measured behavior of the flame is essentially bimodal. The majority of the samples lie 
close to mixing or equilibrium limits with relatively lesser number of partially reacted 
samples in between. These partially reacted samples are greater in number in the 
conditions prevailing on the fuel rich side of the stoichiometric mixture fraction than 
on the fuel lean and at the stoichiometric conditions. From the measured samples at 
z/D=30.0 there is already evidence of chemical reaction while at z/D=50.0 there are 
still numerous samples which are in inert mixing state. Hence, the lifted flame base 
fluctuates over a vertical distance of about 20 D. 
Focusing attention on the FPV-5 function model predictions at the axial location, z/D 
= 30.0, it can be seen that the majority of the samples have already reached the 
equilibrium limit. This corroborates the finding that the model underpredicts the lift- 
off height even with LES. Between the conditions of Z=O to 0.4, few partially reacted 
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samples can be observed but none of them reach the inert mixing condition. Presence 
of samples in the inert mixing state can only be observed for the conditions of Z>0.4 
which prevail within the fuel rich core region. The significant amount of extinction 
and re-ignition occurring within this region indicate that the fluctuations in the flame 
base are mainly in its downstream end. Such an observation has also been made from 
the contours of instantaneous filtered temperature distributions (although shown only 
for FPV 0 function model in Fig 9.10). 
In contrast to the FPV-8 function model, the FPV-P function model predictions at z/D 
=30.0 are in good agreement with the measured behaviour of the flame. The FPV-P 
function model predictions show the existence of samples corresponding to pure 
mixing along the entire range of mixture fraction conditions with partially reacted 
states restricted to conditions of Z<0.4. Similar to experiments, the majority of 
samples are in the inert mixing state thereby indicating that flame stabilization has 
occurred further downstream. The broad distribution'of the samples predicted by 
FPV-P function model are quite consistent with the measurements and also are similar 
to the predictions reported by Cabra et al. (2005) from their RANS joint PDF 
calculations with the M-Curl and EMSt mixing models. 
At z/D=40.0, the FPV-8 function model predictions fail to capture the measured 
bimodal behavior. Majority of the predicted samples are fully reacted and are in the 
equilibrium state. Due to the shorter flame stabilization height with the 8 function 
model, the jet penetration is overpredicted and this results in conditions of Z>0.4 
which are non-existent in the measurements. However, for the fuel rich conditions of 
Z>0.4, the 8 function model does predict a fair amount of samples in inert mixing 
and partially reacted states thereby showing that the predicted fluctuation in the 
downstream end of the flame base extends till z/D =40. 
Studying the FPV-P function model predictions at z/D =40.0, the predicted conditions 
of the mixture fraction (Z=O to 0.4) can be found to be in excellent agreement with 
measurements. This suggests that the predicted extent of fuel jet penetration and 
hence the height of flame stabilization, are inline with the measurements. 
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Figure 9.11: Predicted and measured distributions (scattered data) of instantaneous 
temperature (K) at four axial stations in the Berkeley CH4/air lifted jet flame at 
baseline conditions. 
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A significant amount of fully reacted samples can be observed from the predictions 
and hence the flame stabilization can be confirmed to have occurred between the axial 
locations, z/D=30.0 and 40.0. This corroborates the finding that, the lift-off height 
predicted by FPV-P function model with LES is around z/D-35.4 Unlike the 8 
function model, the 0 function model is able to successfully predict significant 
amount of inert mixing and partially reacted states between Z=0.3 to 0.4. 
However, similar to the 8 function model, the 0 function model is also unable to 
predict the inert mixing states for conditions at or on the fuel lean side of the 
stoichiometric mixture fraction. This is consistent with the previous observation from 
the instantaneous temperature plots in Fig 9.10, that the fluctuations in the upstream 
end of flame base are rather modest in comparison to its fuel rich downstream end. 
At z/D=50.0, the FPV-8 function model predictions show no trace of inert mixing 
along the entire range of the mixture fraction conditions. Due to the underprediction 
in the lift-off height, the fluctuations in the flame base do not reach as far z/D=50.0. 
Discrepancy in the predicted mixing conditions due to shorter lift-off height is evident 
at this location as well. While the measured conditions are limited to Z=0.35, the 
predicted conditions with FPV-8 function model exist beyond Z=0.4. The mixture 
fraction conditions predicted by FPV-P function model on the other hand are 
relatively in better agreement with measurements although the conditions are slightly 
richer. This discrepancy can be attributed to the fact that although the P function 
model is able to predict the correct mean lift-off height, it is unable to predict the 
measured extent of fluctuations in the upstream end of the flame base. Hence the 
extent of entrainment of the coflow air is underpredicted which leads to fuel 
conditions in the core richer than measured. Fluctuations in the downstream end of the 
flame stabilization zone are however well predicted by the 0 function model as 
indicated by the presence of inert mixing states between Z=0.3 to 0.4. 
Further downstream at z/D=70.0, both the FPV models result in fully reacted, samples 
and the predictions are inline with the measurements. The form of the PDF for the 
reaction progress variable can be observed to be of less consequence at this location. 
The flame is fully reacted and the fluctuations in the progress variable are negligible. 
Hence the shape of the 0 PDF tends towards a8 function. 
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From the scattered data comparisons, it is clear that the accuracy of FPV-0 function 
model in predicting the fluctuation in the fuel rich downstream end of the flame base 
is superior to that of 8 function model. The FPV-P function does exceedingly well in 
capturing the broad flame base of the lifled flame. However, neither the FPV-P 
function model nor the 8 function model are able to completely predict the measured 
level of fluctuations in the upstream end of the flame base which prevails in 
conditions at or on the fuel lean side of the stoichiometric mixture fraction. The 
reasons behind this discrepancy are not clear. 
Radial profiles of mean temperature 
It is now clear that both the FPV models predict, with LES, certain degree of 
extinction and re-ignition associated with the flame base fluctuation and the mean lift- 
off heights are significantly improved in comparison to RANS. The underprediction 
in mean lift-off height with FPV-8 function model is reduced from 50% (in RANS) to 
30% (in LES) while the overprediction in mean lift-off height with FPV-P function 
model is completely addressed with LES. The extent these improvements affect the 
mean temperature distribution predictions within the flame has been verified by 
comparing the radial profiles of temperature shown in Fig 9.12. 
At z/D=1.0, the RANS predictions show slightly better accuracy than LES 
predictions. This may be due to the better flow conditions at the burner exit. With 
RANS, the extended inlet allows for simulation of flow conditions at the burner exit 
while for LES the computational domain starts at the burner exit plane and 
approximate mean velocity profiles have been mapped at the inlets. However, the 
effect of inlet conditions is only short lived and infact at z/D=15.0, the LES 
predictions with both the FPV models are better than those of RANS. 
At z/D=30.0, the LES predictions with FPV-5 function show improvement over 
RANS although the deviation with respect to measurements is still substantial. This is 
due to the fact that with LES, the FPV-5 function model predicts a mean lift-off height 
of z/D-24.4 in comparison to x/D-17.2 with RANS. Thus although the mean lift-off 
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Figure 9.12: Radial profiles of mean temperature at various axial locations in 
Berkeley CH4/air lifted jet flame at baseline conditions. 
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height is improved with LES, it is still 30% lower than the measured height. 
Comparison of the LES and RANS predictions with FPV-P function model at 
z/D=30.0, shows minor improvements with LES predictions in the fuel lean 
conditions (radius=20mm). This can be attributed to the model's ability in LES to 
predict both partially reacted and inert mixing samples at this location (Fig 9.11). 
Downstream at z/D =40.0, the FPV-8 function model with both RANS and LES can 
be observed to result in overprediction due to the shorter flame stabilization height. 
However, the overprediction observed with FPV 8 function model in RANS, is 
significantly reduced (up to -500K) near the centerline by its use in LES. This seems 
to be the effect of FPV-8 function model's ability in LES to predict notable amount of 
fluctuation in the downstream end of the flame base which lies in fuel rich conditions 
but not quite in the upstream end where the conditions are at or on the leaner side of 
stoichiometric mixture fraction Thus, the deviation observed with RANS FPV-8 
function model predictions at this location can be attributed to both the model's 
limitation to predict shorter lift-off height as well as the inability of RANS modelling 
approach to facilitate accounting of large scale fluctuations. 
At the same location (z/D=40.0), the FPV-P function model predictions with LES 
show a qualitative improvement over RANS in that the occurrence of chemical 
reaction is captured at this location. Since the 0 function model in LES is not able to 
capture the same level of extinction as measurements indicate at this location (Fig 
9.11), the mean temperature distribution is overpredicted. Still, the mean temperatures 
near centerline are better predicted by LES FPV-R function model than LES 8 
function model. This is consistent with the FPV-P function model's prediction of 
greater number of partially reacted samples on the fuel rich side of stoichiometric 
mixture fraction (z/D=40.0 in Fig. 9.11). 
At z/D=50.0, the improvements with LES are rather modest since neither of the 
models is able to predict the same level of bimodality as observed in measurements. 
(Fig. 9.11). With either of the models, the overprediction observed with RANS, is 
improved near the centerline (up to 200K) with LES. However, away from the 
centerline RANS predictions seem to fare better with either of the models. Such a 
trend could be observed for z/D=70.0 as well. While the exact reasons behind the 
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better accuracy with RANS are not clear from the present level of investigation, it 
seems that the tendency of the models, in LES, to predict extinction only in the fuel 
rich region close to centerline seems to have rather complicated effects on the mixing 
characteristics and consequently the temperature. 
Thus, the current LES methodology does seem to assist in improving the overall 
predictive capability of the FPV models in comparison to RANS. However, the extent 
of improvement is limited by the accuracy of the subgrid scale combustion model. 
The FPV models are not yet able to capture the extinction associated with the 
fluctuation in the upstream end of the flame base in fuel lean conditions which seems 
to contribute to the overprediction of mean temperature. Also, since the models are 
currently based on an adiabatic formulation, radiation heat loss effects are not 
accounted and this may partly explain for the overprediction in mean temperature. 
It is, however, quite encouraging that the FPV models provide major advantages over 
SLFM. Unlike SLFM, both the models are able to predict the phenomenon of flame 
lift-off even with steady RANS approach. When extended to LES, the FPV models 
are also able to predict certain degree of flame base fluctuation which is indeed 
promising. Adopting LES seems to be useful especially with FPV-P function model, 
as the predicted lifted flame base characteristics (Fig. 9.11, z/D=30.0) and the mean 
lift-off height are in excellent agreement with measurements. With further refinements 
to this model, LES could be employed with greater benefit to accurately capture the 
structure of turbulent partially premixed flames. The observed scale up in accuracy 
with FPV-P function model in comparison to the 6 function model (in LES) justifies 
the additional pre-processing effort and computational memory requirements required 
by the 0 flinction model. The model thus presents in itself an interesting prospect for 
further research. 
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Conclusions and Future 
Recommendations 
The classical steady laminar flamelet model (SLFM) is a popular choice for RANS 
based modelling of turbulent non-premixed combustion in several practical 
applications and its extension to LES of turbulent non-premixed combustion has 
gained significant interest in the recent years. However, the model's accuracy in 
regard to slow chemical processes like pollutant NO formation, non-adiabatic effects 
due to radiation heat loss and local extinction and re-ignition phenomena is an area of 
concern and there is practical interest in enhancing its formulation to address the 
issues. Additionally, it is also seen as an added advantage to extend the model's 
ability to account for turbulent partially premixed combustion which is increasingly 
being adopted in practical combustion equipment. Advancements in the model's 
predictive capability are considered to be essential for not only enhancing the 
predictive capability of RANS modelling approach which is currently the main 
predictive tool in industry but also for benefiting from the sophistication of LES. This 
provides the motivation for the current work. 
The present work has been undertaken with two main objectives. Firstly, a RANS 
based turbulent non-premixed combustion modelling strategy, which while using the 
flamelet concept is able to account for the slow chemistry of NO and the effects of 
radiation heat loss on detailed structure of the turbulent non-premixed flame, has been 
developed and its performance in turbulent bluff-body stabilized and'piloted jet 
flames has been investigated. The developed combustion modelling strategy has been 
based on a non-adiabatic flamelet model (NADM) integrated with either steady or 
unsteady non-adiabatic flamelets based NO submodels. 
Secondly, combustion models based on flamelet/progress variable (FPV) approach, 
primarily developed (by Pierce and Moin, 2004) for turbulent non-premixed 
combustion, have been employed in RANS and LES frameworks and their capability 
Conclusions and Future Recommendations 
to account for turbulent partially premixed combustion in a liftcd jet flame in vitiated 
coflow has been investigated. Numerical investigations have been carried out using 
in-house finite volume based RANS and LES codes into which the advanced models 
have been incorporated. 
The non-adiabatic flamelet model uses an enthalpy defect concept to couple the 
radiation heat loss in the turbulent flow with the flamelet structure while the radiation 
heat loss itself is calculated through a radiation submodel in the form of Discrete 
Transfer Method. The steady non-adiabatic flamelets based NO submodel (NADM- 
NO-TRE) involves a simple technique of solving for mean NO mass fraction within 
the turbulent flow with a NO production term obtained from enthalpy defect imposed 
steady non-adiabatic flamelets. The unsteady non-adiabatic flamelets based NO 
submodel (NADM-EPFM) is based on Eulerian Particle Flamelet Model (EPFM). 
Additionally, adiabatic counterparts of the above NO submodels which can be 
integrated with SUM, have been incorporated in RANS framework for facilitating 
comparisons. Simulations with non-adiabatic combustion modelling strategies as well 
as SUM have been conducted for CH4/H2 bluff-stabilized flames of Dally et al. 
(1998a, 2003) and the piloted Sandia D jet flame (Barlow and Frank, 1998, Schneider 
et al., 2003) with Reynolds stress transport based turbulence closure. 
The FPV approach is based on a two scalars, mixture fraction and reaction progress 
variable, formulation. According to the FPV approach, the diffusion flamelet structure 
is no longer parameterized with respect to the conventional scalar dissipation rate. 
Instead, a flamelet parameter which is represented by the maximum reaction progress 
variable in a flamelet is used to parameterize the flamelets and this provides the 
advantage of considering the partially extinguished flamelet structure which is not 
possible with the scalar dissipation rate employed in SUM and NADM. Depending 
on the marginal PDF for reaction progress variable, two model formulations of the 
FPV approach, FPV-8 function model and FPV-P function model, have been derived. 
Both the models have been incorporated in the in-house RANS and LES codes. The 
turbulent partially premixed Berkeley CH4/air lifted jet flame in vitiated coflow 
(Cabra et aL, 2005) has been used as the test case and modelling has been carried out 
with FPV models as well as SUM in RANS and LES. 
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10.1 Conclusions 
The key conclusions from the RANS based modelling of turbulent non-premixed 
flames are as follows: 
9 For the HM1 bluff-body stabilized flame, the predicted mixing field, 
temperature and major species with both SUM and NADM are in reasonably 
good agreement with measurements and they are similar to each other thereby 
showing the weakly radiating nature of the flame. The mixing field predictions 
with Reynolds stress transport (RST) model have a better accuracy than those 
with modified k-F. model in that the overprediction in centreline decay rate and 
the spreading rate of the jet are fairly reduced ( up to 50%) with RST model. 
* For the pollutant NO in HMI flame, predictions with the steady adiabatic 
submodel SLFM-NO-TRE and steady non-adiabatic submodel NADM-NO- 
TRE are in similar agreement with measurements and the agreement is 
reasonably good considering the simplicity of the submodels. However, minor 
but encouraging improvements are visible. The steady non-adiabatic submodel 
results in the right trend of reducing the overprediction observed by its 
adiabatic counterpart. 
9 The minor improvements in pollutant NO with consideration of radiation heat 
loss in steady flamelets, are however subject to the condition that the effect of 
scalar dissipation rate on the mean NO source term is taken into account. 
Simplifications to non-adiabatic modelling in the form of single representative 
scalar dissipation rate (NADS model in conjunction with NADS-NO-TRE), 
further increase the overprediction observed with steady adiabatic NO 
submodel. 
For the HMI flame, inclusion of transient effects through unsteady NO 
submodels remarkably improves the predictions throughout the flame. While 
the differences between the predictions obtained with unsteady adiabatic 
(SLFM-EPFM) and non-adiabatic submodels (NA]jM-EPFM) are fairly small 
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due to modest heat loss effects, the unsteady non-adiabatic submodel provides 
the best match vAth the measurements. 
The Sandia D jet flame exhibits relatively notable effects of radiation heat 
loss on the mean temperature and pollutant NO mass fraction although the 
effects on major species are rather modest. The SUM has been observed to 
significantly overpredict the mean temperature distribution especially in the 
far downstream measurement locations of the flame where the residence time 
is high enough for the radiation effects to be notable. Accounting for radiation 
heat loss through NADM model reduces the overprediction to appreciable 
levels thereby showing that the current non-adiabatic model is indeed 
effective. The still existing overprediction seems to be partly due to the 
underprediction of jet decay rate by the RST model and partly due to the 
turbulence radiation interactions which are neglected in the present study. 
Comparisons of predicted and measured mean NO mass fractions in Sandia D 
jet flame show that the effects of radiation heat loss are more dominant than 
transient effects, unlike in HMI flame. This is especially true in the far 
downstream of the jet where the residence times are higher. Inclusion of only 
radiation heat loss through steady non-adiabatic model (NADM-NO-TRE) 
significantly reduces the overprediction observed with steady adiabatic 
submodel (SUM-NO-TRE). Inclusion of transient effects along with radiation 
heat loss through the unsteady non-adiabatic submodel (NADM-EPFM) 
results in relatively lesser improvement over the NADM-NO-TRE predictions. 
Thus, the developed strategy of employing the non-adiabatic flamelet model, 
NADM, for calculating the mixing field, temperature and major species and 
subsequently employing NADM-EPFM for pollutant NO calculations has 
been found to be an effective alternative to SUM based modelling in 
turbulent non-premixed combustion. 
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The key conclusions from the RANS and LES based modelling of the Berkeley 
CH4/air partially premixed turbulent lifted jet flame, are as follows: 
Even with RANS based modelling, both the FPV-5 function and 0 function 
models are able to successfully predict the lift-off phenomenon while the 
incompleteness of SUM formulation is confirmed by its prediction of an 
attached flame. The FPV-8 function model, due to omission of the effect of 
progress variable fluctuations on the chemical source term, overpredicts the 
peak chemical source term and thereby results in a shorter stabilization height 
which is about 50% less than the measured height. The FPV-P function model 
which models the fluctuations in the reaction progress variable through a 
variance transport equation, overpredicts the lift-off height by -27%. 
The shorter lift-off height predicted by FPV-8 function model results in 
significant overprediction in the fuel jet penetration along centreline. 
consequently, the radial profiles of mixing field and mean temperature 
distribution within the flame are overpredicted. Although the FPV-P function 
model improves the mixing field predictions, mean temperature distribution 
downstream of the measured flame stabilization height is appreciably 
overpredicted. 
From LES based modelling it is confirmed that the discrepancy in the mean 
temperature predictions observed with both the FPV models in RANS, is 
partly due to the limitation of steady RANS based modelling in resolving large 
scale turbulent fluctuations as well as the limitation of FPV models in 
capturing extinction and re-ignition in conditions at or on the fuel lean side of 
stoichiometric mixture fraction. 
Adopting LES significantly improves the predicted mean lift-off heights with 
both the models. For the FPV-8 function model, the underprediction in mean 
lift-off height, which was observed to be - 50% with RANS, is reduced to 
30% with LES. For the FPV-P function model, the improvement is quite 
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remarkable in that the overprediction in mean lift-off height, which was - 27% 
in RANS, is completely resolved with LES. 
Adopting LES also helps in realizing the ability of the FPV models (the FPV-P 
function model in particular) to predict the fluctuation of the flame base with 
an encouraging level of accuracy. This is confirmed from scattered 
temperature data. Consistent with the improvement in mean lift-off height, the 
scattered data predicted by FPV-P function model shows excellent agreement 
with measurements at the lifted flame base. The 0 function model is able to 
predict the broad flame base with inert mixing and partially reacted samples, 
remarkably well. The model is also able to predict the extinction and re- 
ignition phenomena occurring in fuel rich zone of the flame base (or 
downstream end). However, in mixing conditions at or on the fuel lean side of 
stoichiometry (upstream end of flame base), the model is not yet able to 
predict extinction. Still, the predicted levels of flame base fluctuations with the 
0 function model are more favourable than with 8 function model. 
The improvement in mean lift-off heights and ability of the models to predict 
certain degree of extinction and re-ignition prediction in LES, translates into 
an encouraging level of improvement in mean temperature. However, a fair 
degree of overprediction still exits with either of the FPV models in LES as 
the models are not yet able to capture the extinction in fuel lean conditions. 
Also, radiation heat loss has not been considered in the present study and this 
may have contributed to the discrepancy to an extent. 
Overall, the FPV models provide major advantage over SUM in that they are 
able to predict the gross characteristics of turbulent partially premixed flames 
satisfactorily. The FPV-P function model provides more realistic description 
of the structure of lifted flame and it highlights the vital role played by the 
form of the PDF for reaction progress variable in FPV approach. With further 
refinements to the FPV-P function model, LES could be employed with 
greater benefit to provide an accurate description of partially premixed 
combustion. 
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10.2 Recommendations for future work 
Although the current implementation of RST model in the in-house RANS 
code provides reasonably good mixing field predictions, discrepancies have 
been observed with respect to centerline decay rate and jet spreading rate. 
Future works can attempt full second moment closure and generalized gradient 
diffusion models to improve the model's prediction capability. 
The unsteady non-adiabatic NO submodel (NADM-EPFM) currently uses an 
optically thin limit approximation with a radiation source term in the flamelet 
equations for generating unsteady non-adiabatic flamelets. A strategy to 
generate these flamelets by imposing enthalpy defect instead of the radiation 
source term will be helpful in making the model more consistent with the 
NADM model. 
* Current implementation of the NADM model discounts turbulence-radiation 
interactions (TRI). Accounting for TRI should help in enhancing the 
sophistication of the non-adiabatic flamelet modelling. 
* The causes for the discrepancies observed with the predicted levels of 
extinction with FPV models in LES can be investigated in the directions of- 
o The definition of progress variable 
o Influence of assumptions in the model equation for progress variable 
variance 
o Numerical accuracy of the procedure adopted to remap the look-up- 
tables from flamelet parameter space to progress variable space. 
o Form of the PDF for reaction progress variable 
* It is also worthwhile to include radiation heat loss effects in the FPV models 
through an optically thin limit approximation and study the extent to which the 
mean temperature predictions of the lifted flame could be improved. 
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10.3 Present contribution 
The key contributions from the current work are: 
1. Enhancement in the accuracy of turbulence modelling capability of the in- 
house RANS code through the implementation of a Reynolds stress transport 
model 
2. Development of a RANS based turbulent non-premixed combustion modelling 
strategy using a non-adiabatic flamelet model integrated with steady or 
unsteady (EPFM) non-adiabatic flamelets based NO submodels. 
3. Enhancement in the sophistication of the in-house RANS combustion 
modelling capability through the incorporation of look-up-table concept based 
steady laminar flamelet model, non-adiabatic flamelet model, steady and 
unsteady flamelets based NO submodels and flamelet/progress variable (FPV) 
approach based models. 
4. Enhancement in the sophistication of subgrid scale combustion modelling 
capability in the in-house large eddy simulation (LES) code through 
incorporation of look-up-table concept based steady flamelet model and 
flamelet/progress variable approach based models. The LES code is now 
capable of simulating both turbulent non-premixed and partially premixed 
combustion. 
5. Development of FORTRAN 90 based pre-processing tools for generation of 
3D and 4D pre-integrated look-up-tables for SUM, NADM, FPV-8 function 
and FPV-P function model based CFD calculations. 
6. Validation of non-adiabatic flamelet modelling strategy through modelling of 
detailed structure including pollutant NO in turbulent bluff-body stabilized 
flames as well as piloted jet flames. 
7. First ever evaluation of the performance of FPV models in describing the 
thermal structure of lifted partially premixed jet flames using LES and RANS 
based modelling. 
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Interpolation Schemes 
Depending on the employed combustion model and the number of dictating 
parameters in look-up-table, 3D or 4D interpolation is carried out in CFD calculations 
for obtaining Favre filtered or averaged density, temperature, species mass fraction 
and source terms. In order to obtain a smooth distribution of the interpolated scalars, a 
4'h order interpolation scheme which accounts for discretisation along each dictating 
parameter is employed and is presented below. 
I. 1 3D Interpolation 
A 3D interpolation is employed in SUM and FPV-8 function based calculations in 
RANS and LES. The interpolation methodology is illustrated by considering its 
application in SUM where the look-up-tables are parameterized by mixture 
fractionZ, mixture fraction variance Z" and scalar dissipation rate 
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Let 'Z 0 "Z 0 
"2 
, 
jo be the known values of the look-up-table parameters in a CFD 
control volume and ýO be the value of the scalar to be evaluated in that control 
volume. First, 'ZO , 
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, 
io are located within individual ID ordered matrices forZ, 
, 
Z"2 and j respectively in the look-up-table for scalar 0. Subsequently, the bracketing 
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point where the unknown, the scalarýo, is to be evaluated. Figure I depicts a 
hexahedron enclosing the point '0' at which the value of the scalar is to be evaluated 
and its vertices corresponding to the locations in the look-up-table where the scalar 
values (ý, A. --A)are known. The unknown value of the scalar 
ýO is then 
calculated by employing a volume weighted averaging procedure as given below: 
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The Favre filtered or averaged value of the scalar is then evaluated from: 
ýIY7 + ý2. V8 + 03. V5 + 04. V6 + 05. V3 + 06. V4 + 07 *Vl + Og. V2 00 = TV 
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1.2 4D Interpolation 
A 4D interpolation is required when the CFD calculations employ FPV-P function 
model or NADM model. The look-up-tables for FPV-P function model are 
parameterized by mixture fractionZ, mixture fraction variancef"', reaction progress 
variable Zý and its variance The methodology adopted for interpolation is similar 
to that in 3D except that the number of points enclosing the point of evaluation is now 
raised to 16. 
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Appendix I 
Total volume TV= V2 - ZIMZ2 
*2 
- ZI 
"2 MC2 - CIMC2 
"2 
- cl 
"2 
The Favre filtered or averaged value of the scalar is then evaluated from: 
OIF7 + 02. V8 + 03. V5 + 04. V6 + 05. V3 + 06. V4 + 07. Vl + Og. V2 
TV 
ýj. V7 + ý2. V8 + ý3. V5+ 04. V6 + ý5. V3 + ý6. V4 + ý7. Vl + ý8. V2 
TV 
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